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Abstract 
ynthetic d e are a major part of our life. Products ranging from clothes to leather 
acce sorie to furniture all depend on extensi e u e of organic dyes. 
There are numerous classes of these dyes. However, azo, anthraquinone, 
triarylmethane, diarylmethane, acridine, quinine, xanthane and nitro represent the major 
clas es and are most commonly used dyes. 
An unfortunate side effect of their widespread use is the fact that up to 1 2% of these 
d es are wasted during the dyeing process, and that approximately 20% of this waste 
enters the environment (mostly in water supply). The effluents from these industries 
cau e the water bodies not only to become colored, but also cause an environmental 
damage to the living organisms by stopping the re-oxygenation capacity of water as well 
as blocking sunlight. Furthermore, many of these dyes are potentially carcinogenic and 
can enter our drinking water supply. I n  fact, results from animal studies show that 
exposure to some can lead to cancerous and precancerous liver conditions. 
Therefore, there is a need to find economical and bio-friendly methods to degrade 
dyes in industrial waste effluents. A number of different approaches (such as adsorption, 
coagulation etc.) have been developed to remove dyes from aqueous solution. However, 
all these methods are either costly, inefficient or result in the production of secondary 
waste products. 
III  
Recently a et of new approaches called advanced oxidation processes ( AO P) have 
been developed to efficiently degrade these dye pollutants. Among the most promising of 
the e AO P include generation of hydroxyl radicals from H202 using either: 
1 .  UV radiation ( Photolysis), 
2. Fe2+ ions ( Fenton's reagents), 
3 .  Combination of UV and Fe
2+ ( PhotoFenton) or 
4. Using Ti02 ( Ti02 photocatalysis). 
In comparison with other AO Ps, such as Fenton, ozone, U V /03, U V I Ti02, etc. , the 
photolysis of hydrogen peroxide has the advantages such as the complete miscibility of 
H202 with water, the stability and commercial availability of hydrogen peroxide, no 
phase transfer problems, no sludge formation, simplicity of operation and lower 
investment costs. 
Extensive work has been carried out on the use of one specific AO P a given dye. 
However, the efficiency of a given AO P on the different classes of dyes is not widely 
published. In this study, U V  - H202 ( UV Photolysis) was used to study the kinetics of 
oxidation and subsequent degradation of eight of the major dye classes. It was found that 
the degradation process seems to occur according to a similar mechanism for all the 
selected dyes and follow an apparent first order kinetics. The dye degradation was 
dependent on the amount of the hydrogen peroxide used and inversely proportional to the 
dye concentration. The optimum concentration of the UV 1H202 reagent and dye 
IV 
concentration was different for each dye. Furthermore, it was found that depending on the 
clas of dye, common ion and salts that are normally part of the wastewater stream had 
dramatic effects on the degradation rates. 
This study has hed light on whether the different classes of dyes are degraded 
equally well by specific AO P approach. Also, we studied the effect of salts (that are 
normally present in textile waste streams) on the photolytic degradation of these dyes. 
La tly, an attempt was made to identify the final degradation products of these 
dye and propose degradation scheme. 
A comparative analysis was done by using the data from the study. The results 
indicated that different classes of dyes most efficiently degraded (like diarylmethane) 
than other classes (like anthraquinone). 
Key words: Textile dyes, Advanced O xidation Processes (AO P), Hydroxyl radical, 
Photolytic oxidation, Hydrogen Peroxide photolysis. 
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Chapter I 
INTRODUCTION 
1 . 1  Enviro n mental  polluta n ts: 
The tenn 'En ironmenf is con idered a a composite tenn for the conditions in which 
organi ms Ii e and thus consi t of air, water, food and sunlight which are the basic needs 
of all living being . The Environment also includes other living things, temperature, wind, 
electricity, etc. In other words, environment consists of both biotic and a biotic 
ubstances. However environment is viewed with different angles by different 
environmentalists. It may be concluded that, environment consists of an inseparable 
whole ystem con tituted by phy ical, chemical, biological, social and cultural elements 
which are interlinked individually and collectively in myriad ways. ll) 
Pollution is defined as situations m which the outer ambient atmosphere and 
urroundings contain materials in concentrations which results in deleterious effects of 
uch a nature as to endanger human health, hann living resources or interfere with 
amenities or other legitimate use of the environment. Pollution is however often 
associated with the release of substances into the environment which leads to an increase 
in concentration above the natural levels. Problems could also occur with the introduction 
of chemical compounds into the environment which disturbs the natural equilibrium; 
perhaps one of the best examples for this is emission of chloroflurocarbons which causes 
depletion in the ozone layer. (2) 
Environmental pollutants are chemical substances of human origin found in air, water, 
soil, food of the human environment. These undesirable chemical substances are 
classified as toxic materials which enter the ecosystem in the fonn of solid, liquid or a gas 
and pose a serious threat to human being and other living organisms. (3) Environmental 
pollutants are commonly divided into chemical and biological classes; chemical 
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ynthetic d e di charge to natural water source may po e health concern to all 
marine as ell as human life. (7) Dyestuff di charged into water bodie can chemically 
react in different way depending upon whether it i acidic or basic thus the toxicity of 
dye tuff (i.e. mortality, genoto ciciy, mutgenicity and carcinogenicity) affect aquatic 
organi ms (fish, algae, bacteria . . .  etc) as well as mammals. (11) Carcinogenicity is one of 
the more serious concerns of dyes used in textile industry. Research carried out as early as 
1895 showed increa ed rates of bladder cancer in workers involved in dye manufacturing. 
(10) More recent studies have also reported increased incidences of bladder cancer in 
painter . Painting dyes are normally azo dyes, composed of aromatic amines- based on 
benzidine (such as amido black). These and other studies have clearly established a link 
between azo dye exposure and bladder tumor. It has been established that the toxicity and 
carcinogenicity of azo dyes is due to it's metabolism in the body. Azo reductions of these 
compounds occur due to the enzyme-mediated reaction; this enzyme called azoreductase 
is found in mammalian tissues especially in liver and skin. Furthermore, certain bacteria 
such as Staphyloccus aureus also play a major role in such metabolism reactions. (1 2) 
Since it is well established and accepted that these chemical dyes are a major 
health and environmental concern, a vast amount of resources have been invested in 
finding ways to reduce the hazards of these dyes in waste effluents. (13) 
1.2 Classification of dyes: 
Until the 19th century, the primary source of dyes and pigments used to be from 
natural origin. However, by the end of 19th century the manufacturing of synthetic dyes 
started when an English chemist called W.H. Perkin attempted to prepare a synthesize 
quinine in 1856 to obtain alternatives for bluish substances. Perkin was successful in 
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obtaining a synthetic dye with excellent dyeing properties that latter became known as 
ani I ine purple, (Tyrian purple). This concept of manufacturing synthetic dyes was further 
followed upon by other workers and this set new trends in synthetic dyes, which became 
marketable goods. 
In 1865, Kekule discovered the molecular structure of benzene and thus in the 
beginning of 20th century, synthetic dyestuff took a new tum by competing with the 
natural dye . (II) 
Dyes are colored, ionizing aromatic compounds based fundamentally on the 
structure of benzene (14) which absorb electromagnetic energy and respond over wide 
UVNis range. (1 1 )  
Dyes are classified based on their structure, source, color and method of 
applications in color index (C. I) which has been continuously edited since 1 924. (11. 15) 
Dyes have chemical structures or chromophores which have joined in a sequence of 
alternating single and double bonds. (14) The delocalized electrons in these structures are 
responsible for the characteristic UV Nis spectral properties of these dyes. Depending on 
the chromophores, 20-30 different groups of dyes can be considered. (11) 
The present study deals with the removal of dyes from solution using advanced 
oxidation process (AOP). In this regard eight of the most commonly used synthetic dyes 
in textile industry were chosen. In addition, one of the most important and critical factor 
in our selection was the lack of published on the comparative efficiencies of a given AOP 
on degradation of diverse classes of dyes. 
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These dye included acridine, azo, diarylmethane, triarylmethane, anthraquinone, 
nitro, xanthene and quinine-imine dye . 
] .2. t Acrid ine dyes: 
Acridine i a ynthetic dye derived from acridine where the chromophore is 
quinoid ring a positive charge noted due to the nitrogen atom attached to the quinoid 
ring. Acridine dye have the general formula shown in table 1 . 1 . 
Acridine 0 was taken as a representative synthe6c dye belonging to this group. 
1.2.2 Azo dyes: 
Azo dyes are defined as aromatic moieties linked together by azo (-N=N-) 
chromophores and represent the largest class of dyes used in textile processing. ( 1 6) 
According to the number of chromophores, azo dyes are classified into four subclasses, 
which are monoazo dyes, disazo dyes, trisazo dyes and tetrakisazo dyes. (17) 
Amido black is a synthetic dye and is a representative synthetic dye of a disazo 
group of dyes. The azo dyes have the general formula is shown in table 1 . 1 . (17) 
1.2.3 Arylmetbane dyes: 
Arylmethane are synthetic dyes derived from methane depending on the 
replacement of the hydrogen atoms. Arylmethane can be divided into diarylmethane or 
triarylmethane where hydrogen atoms are replaced by aryl (phenyl) rings. Diarylmethane 
contain two aryl rings and the dye has the general formula shown in table 1 . 1 .  
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uramine 0 is one of the common u ed dyes in this subgroup, and was 
thu u ed in this tudy a a repre entati e dye for the group. 
Triarylmethane dye contain three aryl rings and these subgroup dyes contain 
amino groups, and that is why we sometimes identify them as aminotriarylmethane dyes. 
Another ubgroup of arylmethane have hydroxyl groups instead of amino group, these are 
termed as hydroxyltriarylmethane. 
Malachite green was chosen as a representative synthetic dye for 
aminotriarylmethane subgroup. Triarylmethane dyes have the general formula shown in 
table 1.1. 
1.2.4 Anthraquinone dyes: 
Anthraquinone is a synthetic dye derived from anthracene and is a light yellow to 
green crystalline substance. (17, 18) [t is characterized by the general formula is shown in 
table 1.1 and shows that the chromophore is a quinoid ring. 
Two subclasses of Anthraquinone are well known, hydroxyanthraquinone where 
the hydroxyl group is attached with the quinoid ring and aminoanthraquinone, where the 
amino group is attached with the quinoid ring. 
Carmine dye which is also a hydroxyanthraquinone has been chosen to be the 
representative sample for this group of dyes. 
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1.2.5 Nitro dyes: 
Nitro d e are synthetic dye characterized by the nitro chromopore ( -N02 ). The 
nitro dye have the general formula shown in table 1. 1 
Naphthol Y wa chosen as a representative sample of this synthetic dye group. 
1.2.6 Xantbenes dyes: 
Xanthenes are synthetic dyes derived from xanthene and is divided into three 
ubgroups namely, fluorenes, fluorones and rhodols. Rodamine B, which is a member of 
rodamine subgroup of flourenes, was taken as an example of xanthene synthetic dyes. 
The general formula of xanthene dyes is shown in table 1.1. 
1.2.7 Quinone-imi ne dyes: 
Quinone-imines are synthetic dyes and consist of several subgroups of qunione­
imine dyes. Safranin 0 synthetic dye is a member of azines subgroups and was chosen as 
a representative sample for quinone-imine synthetic dyes in this work. 
Quinone-imine dyes have the general formula shown in table 1.1. 
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Table 1.1: Different c1as e of dye and their tructure 
Class Structure of class Representative Dye 
'+ 
Acridine oqx:; Acridine 0 • 
H 
Azo n- - --() � N-N Amido B 
Diary lmetbane U 1-0 Auramine 0 
0 
Antbraquinone o¢o Carmine 
0 
Triarylmetban 
Ch=O= 0 Malacbite green 
OH 
Nitro 0- 02 Napbtbol Y 
Xantbene 
0(0 
Rbodamine B 
Quinone-imine O(t:f Safranin 0 
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1.3 Ways for dyes remova l from wastewater: 
Te tile indu tTie repre ent one of the major environmental contamination sources 
due to the large amount produced from these industries. More than 1 00,000 commercial 
dye are known and about 450* 1 05 tones per year of these are produced annually. 
Although small amounts of these dyes are directly discharged in aqueous effluents, but 
due to their high solubility in water, they are considered to be the most common water 
pollutants because of their toxicity and carcinogenic properties. It seems that it is difficult 
to treat this kind of pollutant due to its stability to light, heat and oxidizing agents. Since 
ynthetic dye are very harmful to the environment, it is important to remove these dyes 
from solution or treat them chemically so that their harmful effects are minimized. (19) 
Several techniques such as physical processes, biological processes, 
electrochemical processes and chemical processes have been applied to remove or reduce 
the toxicity effect of synthetic dyes from wastewater. (20) 
1.3.1 PhysicaJ processes: 
Physical methods are the separation of dyes before it reaches the wastewater 
without a chemical treatment. (21) Filtration (nanofiltration, ultrafiltration and 
mirofiltration) is the one of physical methods where dyes are treated using different filters 
and membranes to eliminate the particles of polluted substances (20) and to separate the 
organic compounds of low molecular weight and divalent ions from mono valent ions 
present in the wastewater. (6) 
Other physical processes use adsorption techniques (on activated carbons or 
biological sludge). The biotic mechanism for removing dyes from wastewater by 
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adsorption on ludge i well known and this is affected by ludge quality, water hardness 
and ub tance concentration. (20) 
The phy ical method have some disadvantages, for example the time consumed 
long, the filters are blocked, and the treatment of sludge is costly and quality of treated 
wastewater is insufficient. (6. 13.20) 
1.3.2 Biological processes: 
Biological treatment techniques deal with the removal of dyes by using microbial 
biotransformation of dyes because these dyes are designed to be stable and long-lasting 
colorants, so they are not easily biodegraded. Many researches have demonstrated partial 
or complete biodegradation of dyes using pure and mixed bacteria, fungi and algae 
cultures. (11) In case of bacterial biodegradation the dye biodegradability is done with 
fungicides which degrade a wide range of aromatics due to the relatively non-specific 
activity of their enzymes. The catalyzing power of fungal species and the dye selectivity 
should be considered in fungal biodegradation. (20) Those which are using algal 
biodegradation involve reductive cleavage of azo linkage. Algae have been demonstrated 
to degrade various aromatic amines which are already formed so algac1 biodegradation 
may contribute to the removal of azo dyes and aromatic amines from the wastewater 
(shallow water). (11) 
The biological treatment showed some disadvantages such as the biodegradability 
of dyes is low; in addition some biological treatment techniques are not always met with 
great success and the treatment is costly. (6) 
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1.3.3 Electrochemical processes: 
Electrochemical techniques stands on the main principle that when discharge of an 
electric current occur through the electrode in the wastewater, induction of different 
reduction-o idation (redox) chemical reaction takes place. (21) In electrochemical 
proce e. 0 idation of organic compounds in water occurs at the anode where chlorine 
gas will be collected. On the other hand reduction will occur at the cathode where oxygen 
ga will be collected. (21) 
The advantages of electrochemical processes are that it has high capacity of 
adaptation to various volumes and different pollution loads. Several studies have shown 
that electrochemical methods can be successfully used to achieve decolorization of dyes 
solutions and dye containing wastewater . (11) Electrochemical processes are I imited in 
use because they generate the formation of ion hydroxide sludge; (6) electrochemical 
proce ses cost is high due to large energy requirements and the electrodes have limited 
lifetime. �Il) 
1.3.4 Chemical processes: 
The chemical process of treatment consists of coagulation, flocculation, 
adsorption, chlorination, reduction and bleaching with hydrogen peroxide where all the 
methods mentioned above cause decoloration, mineralization and degradation of dyes. (2 1) 
Recently, researchers have started considering the photochemical process as an 
advanced oxidation processes (AOP) due to their effectiveness. (22) 
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1.4 Adva nced Oxidation processes (AOPs): 
d anced 0 idation proce e are 0 idation proces es which are highly efficient 
in the remo al of dyes and destroying a wide range of organic pollutants. It is based on 
the formation of a very reactive radical species such as hydroxyl radicals which is 
characterized v ith its higher oxidation capacity (oxidation potential Eo = 2.28 V) than any 
other 0 ida nt , such as oxygen (Eo = 1.23 V), hydrogen peroxide (Eo = 1 .78 V) and ozone 
(Eo =2.07 V). (11,23,24) Advanced oxidation proces es involve the generation of highly 
reactive free radicals with the effectiveness of mineralization of various refractory and 
hazardous organic into CO2, H20 and some anions, which are safe for the environment. 
(15) 
In 1970's, attempts were made where the oxidation process were improved to 
obtain fast and efficient ways of dye effluent treatment keeping in mind the safety of the 
environment so that it doesn't causes any secondary pollution. Oxidation of the waste 
water from photographic studies had been done by Garrison who first applied the method 
of advanced oxidation method for this purpose. (26) After Garrison's attempts, advanced 
oxidation processes have received considerable attention due to its many observable 
advantages. They have been studied at ambient temperatures involving the generation of 
short lived highly oxidative species specially hydroxyl radicals. In principle advanced 
oxidation processes are characterized by high oxidation rates, (10) flexibility, small 
dimension of the equipments used for water recycling processes, high reactivity and low 
selectivity of the reaction which enable the method to be applied to a large number of 
organic compounds present in the wastewater. 
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In ummery, AOPs rely on the generated of OH radicals to degrade and 
breakdown organic dyes or pollutants a follows: 
AOP � OH· ( I ) 
R H  + OH· � Products (P) (2) 
P + OH· � final Products (C(h, H20) (3) 
The mo t widely u ed advanced oxidation processes are the following: (6) 
• Ozonation 
• Fenton's reagent 
• Heterogeneous catalysis + UV and photocatalysis 
• Photo I sis 
1.4.1 Ozonation 
The ozonation process produces hydroxyl radicals when ozone (03) decomposes 
in water . 
This method is faster in alkaline solution than neutral or acidic media because 
ozone decolorizes water soluble dyes rapidly but in case of non-soluble dyes it reacts 
much slower, in addition the half life of ozone in water is less than 1 min. In addit ion the 
major operat ing cost for oxidation process of ozone is equal to the cost of electrici ty of 
ozone generation when air is used as a feed gas for ozone synthesis. ( 11,27) 
Others have used peroxone where hydrogen peroxide is added to ozone because it 
is reductively inexpensive and available for the purpose of initiation of the decomposition 
cycle of ozone, thus the formation of hydroxyl rad icals results. (27) The combination of 
14 
different reaction tep shows that two ozone molecules produce two OH radicals as 
hown in the following equation. ( II) 
--... 2 ·OH + 302 
This leads to better degradation of organic compounds in wastewater compared to 
ozone alone. The performance of this process depends on these factors, ozone dose, 
contact time and alkalin ity of wastewater. 
Re earches looking for an efficient ozone photolysis method utilize UV lamps 
with a radiation output at 254 nm. Many organic contaminants absorb UV energy in the 
range of 200-300 nm and decompose due to direct photolysis, as they become exited and 
react with chemical oxidants. (27) In th is process (03/UV) ozone readily absorbs UV 
radiation and produces hydrogen peroxide as an intermediate which then decomposes to 
hydroxyl radicals (OR), which in tum causes the oxidation and degradation of organic 
compounds as shown in this equation. (11) 
hv 
03 + H20 --. H202 +02 
The use of 03/UV system depends on the molecular structure of pollutants. If  
wastewater contains organic compounds which strongly absorb UV light then UV 
radiation does not give any additional effect to ozone because of the screening of ozone 
from the UV by optically active compounds. (27) Ozonation can be enhanced with the use 
of ozone, hydrogen peroxide and ultraviolet radiation (03, H202, and UV). As the 
hydroxyl radical (OR) generation rate is increased, the oxidation of organic compounds 
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al 0 increase which lead to more degradation of the wa tewater pollutants. Thus the 
efficiency of Oil-h02fUV proce s is higher as compared to other ozone processes. (27) 
The operational method con idered for UVI 03 (and/or H202) systems depends on the rate 
of wastewater flow rate, types of pollutant , concentration of pollutants present and the 
degree of removal required. {27) It is advised to run the ozonation process as a final stage 
(after biological treatment and filtration) for treating textile wastewater at full scale. (11) 
1.4.2 Fenton's reagent/pbotofenton: 
They are two related techniques of advanced oxidation processes based on the 
presence of hydrogen peroxide. 
The Fenton's reagent is a well known reaction which uses catalytic mechanism of 
an electron transfer between the hydrogen peroxide and a metal acting as a homogenous 
catalyst; the most common metal used is iron. (28) 
This process is more suitable to treat wastewaters which are resistance to 
biological treatment; it decolorizes a wide range of dyes and industrial waste containing a 
range of organic compounds like phenols, formaldehyde and pesticides. til, 28) Fenton's 
reagent process is relatively cheap as compared to ozonation processes. (II) Fenton's 
reagent method shows major disadvantage at higher pH and also that large volumes of 
waste sludge are generated by the precipitation of ferric irons salts. The process losses 
effectiveness because the hydrogen peroxide is catalytically decomposed to oxygen and 
16 
the proce will be negati ely affected b the pre ence of radical scavenger and strong 
chelating agent in wa tewater. (8. I I )  
Photo-Fenton is one of the photo catalytic oxidation processes based on the 
hydro yl free radical fonnation due to ultraviolet irradiation. 
FeJ+ + H::>O --• Fe(OH)2+ + 11  
"+ h v  ')+ Fe(OHt • Fe� + 'OH 
It i described as an efficient and economically methods for wastewater treatment 
compared to dark Fenton's reagents. ( 1 1 . 28 )  In  addition, photo Fenton process is considered 
a a better option to treat and eliminate textile dyes because the process has the capacity 
to completely decolorize and partially mineralize the textile dyes in short reaction time. 
(::>4) The limitation of this method comes from the insufficient penetration of UV light in 
h ighly intense colored wastewater streams. (1\ )  
1 .4.3 Ti02-pbotocatalysis (UVfIi02):  
For the environment decontamination and cleanup, photocatalytsis methods are 
also used. Ti02 both in the anatase and rutile fonns is one of the most widely used metal 
oxides in industry. Its high refractive index in the visible range penn its preparation of thin 
films, thus it used as a pigment material in addition to as a catalyst support or as a 
photocatalyst by itself. T i02 can be activated by UV radiation with a wavelength up to 
387 nm. 0 in advanced oxidation photocatalysis processes, Ti02 acts as a photocatalyst 
of h igh efficiency due to its photochemical stabil ity and non-toxic nature. (29) The use of 
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Ti 2 give e tra efficient result and potential advantages if the proces is done under UV 
light elimination and it is very useful in the treatment of wastewater pollutants such as 
nthetic dye . (29. 30) 
In the pr ce mentioned above, photoexitation of sem iconductor leads to the 
formation of electron hole pair which then undergoes oxidation/reduction reactions 
re ulting in the mineralization of the pollutants present in waste wastewater. (27, 30 ) 
1.4.4 Photolysis (UV/ H202) :  
In  the advanced oxidation process, photolysis is  the most important method that 
ha gained attention during the last decades because it is one of the widely used chemical 
techniques to decolorize textile wastewater. In this method UV irradiation is combined 
with some powerful oxidants such as hydrogen peroxide. (3 1 ) 
Additionally, UVIH202 degradation is also simple to use besides being 
homogeneous and has also hown promising results in degrading many other organic 
compounds. The process in general demands the generation of OH radicals in solution in 
the presence of UV light . These radicals can then attack the dye molecules to undergo a 
series of reaction in which the organic molecules is finally destroyed or converted into 
simple harmless compounds. 
The mechanism of photolysis can be summarized as follows. (32 ) 
a. Hydrogen peroxide photolysis to produce hydroxyl radicals 
( 1 )  
b .  Reaction highly reactive OH· with pollutants which gives primary products (P) 
RH + 20H· - Products (P) (2) 
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c. Oxidation of primary product (P) with OH- in the pre ence of dis olved oxygen to 
mineral compound 
P + OH- ---+ [mal Product (CO:!, H20) (3)  
d.  The reaction can also occur between OH- with exce H202 
20H- + H2O:! ---+ H02- + H202 (4) 
It may be noted that H202 acts as a scavenger for OH radicals hence an excessive H202 
do e might actual ly hinder the radical degradation .  (32, 33) 
Experimenta l ly, d i fferent concentration of hydrogen peroxide IS tried until an 
optimum level of H202 dose is achieved. (32) 
The H202fUV process has several and unique advantages such as that the only 
reagent required is H20:! which is easily avai lable (35% solution), it can be eas i ly stored, 
it is miscible in water and no mass transfer prob lem will occur. A lso that H20:!fUV 
process is more reasonable to use with a smal l  system which requires minimum 
maintenance and i ntenn ittent operat ion. (32) In this process no sludge fonnation occurs, it 
is less pH-dependent., (34) the operation can be run at ambient temperatures, a lso that the 
oxygen fonned during the process is very useful for aerobic b iological decay process. ( 13 ) 
The process leads to complete decolorization and mineral ization of sulphonated azo and 
anthraquin ione dyes in short t ime. (3 1 )  The final products in this method are H20, CO2 and 
low molecular weight aliphatic acids. ( 13) 
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The photolysi operating parameter (UV/H202) are feasible and economical. The 
proce also appear to po e additional advantages such as powerful oxidation ability, 
high decompo ition efficiency of hazardous organics and low toxic intermediates. (35) 
20 
Chapter II 
MATERIALS AND 
METHODS 
2.  M A T E R I A LS A N D  M ET H O DS :  
The follow ing ection detail the materials and methods used in the experiments 
outl ined in thi  the i .  The decolorisation method us ing UV 1H202 and the 
ident ification method u ing GCIM and H PLC will also be described. 
2. 1 M ate rials a n d  reagents:  
2. 1 . 1  Dyes: 
The pre ent study deals with the removal of eight of the most common used 
synthet ic dyes in te t ile industry. 
Acrid ine Orange (C. I  name is Basic orange 1 4), from acridine group. [t has a 
yellow color and a maximum absorpt ion around 489 nm. The structure formula is 
shown in table 2. 1. 
Arn ido black l OB (C. I name is Acid blackl ), from the azo group. It has a blue 
black color and a maximum absorption around 6 18 nm. The structure formula is 
shown in table 2. 1 .  
Auramine 0 (C I name is Basic yellow 2), from diarylmethane group. It has a 
yellow color and a maximum absorpt ion around 434 nm. The structure formula is 
shown in table 2. 1 .  
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annine (C.l name i atural Red 4), a naturally occurring important dye. 
armine is from anthroquinone group. [t has a red color and a maximum absorption 
around 500 nm. The tructure formula is shown in table 2 . 1. 
Malachite green (C.l name is Basic green 4), a commercial triarylmethane dye. 
It ha a green color and a maximum absorption around 6 14 nm. The structure formula 
is shown in table 2. 1 .  
aphthol Yellow (C. I name is Acid yellow I ), from nitro group. It has a 
yellow color and has a maximum absorption around 428 nm. The structure formula is 
shown in table 2 . 1. 
Rhodamine B (C. I name is Basic violet 1 0), an amphoteric dye, commonly 
used as a fluorochrome. Rhodamine B is from Xanthene group. 1 t  has a red color and 
a maximum absorption around 543 nm. The structure formula is shown in table 2. 1. 
Safranin-O (C. l name is Basic Red 2), a histologically important dye for 
counterstaining cartilages, Safranin 0 is from quinine-imine group, it has red color 
and a maximum absorbance around 530nrn. The structure formula is shown in table 
2. 1 .  
24 
Table 2.1: Different dye cia e with the tructure of the represented dyes 
Dye 
Acridine 0 
Amido Black 
Auramine 0 
Carmine 
Malachite green 
Naphthol Y 
Rhodamine B 
Safranin 0 
Structure 
OH 
OH 0 
N(C�n 
09-oN(CHili 
ONa N.o,Sq--No, 
NCh 
(C2t;,>ZN a:ON(CzH6l2 
6rCOOH 
H3c X:X:::O:CH3 
H2N ... NH2 01 
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Class A max 
Acridine 497 nm 
Azo 618 nm 
Diary l methane 432 nm 
Anthraqu inone 500 n m  
Triary lmethaoe 618 om 
Nitro 428 nm 
Xanthene 555 nm 
Quinone-imine 530 nm 
D e were obtained from either Fluka or igma and u ed as such. Deionized 
water wa u ed for preparing olutions. 
2.1.2 Other reagents: 
Hydrogen pero ide (35% w/w) was obtained from Merck and was used as 
uch in this work. It final concentration was varied depending on the dye. 
For tudying the effect of p H  on dye degradation, the pH of the dye olution 
was altered by adding incremental amounts of either concentrated HCI or 
concentrated NaOH. 
For experiments examining the effects of different ions on the decoloration of 
dyes, a final concentration of 1 mg/ml of various salts was added to the dye solution 
before the addition of H202 . Sodium salts were chosen to study the effect of ions that 
are normally present in textile wastewater streams. 
2.2 A pparatus 
2.2.1  Apparatus for dyes decoloration: 
All the decoloration studies were done on a CARY 50 UV N I S  
spectrophotometer, using a 1 c m  quartz cell. For photolytic experiments, the samples 
were irradiated with a UV lamp with an output at 254 nm at a distance of 1 6  cm (fig 
2. 1 ). 
2.2.2 Apparatus for dyes degredation: 
All the degradation studies were done on a Varian Gas chromatography 
(3800)-mass spectrometry (Saturn 2000), using a CP-Si I 24 CB Low BleedlM S 
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Figure 2.1: Decoloration Method using UV lamp 
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column, operating temperature programmed (40,3- 1 50- 1 0, 1 -250- 1 0, ] ) In plitles 
mode. n injection volume of I III with helium as a carrier ga was used. 
High Performance liquid chromatography (H PLC) was used using Cg-Eclipse 
column (Agilent) utilizing a 0 - 1 00% methanol (water as the base mobile phase) 
gradient 0 er 30 minute , at 1 ml/min. 
2.3 M ethods for studying dye decolora tio n/degradatio n :  
2.3. 1 UV-Visible decoloration: 
tock solutions of l x l O·3 M for each eight dyes were prepared in 1 00 mL of 
deionized water in a 250 mL flask. Neces ary dilutions of this stock were done with 
deionized water to obtain a series of dyes solutions with varying concentrations. A 
known amount of the diluted solutions was mixed with a given amount of H202 and 
the mixture was irradiated with UV light of 254 nm. After a given time interval, the 
absorbance of the solution was monitored instantaneously on CARY 50 UV NIS 
spectrophotometer. The changes in absorbance value obtained in each case were 
plotted against time to obtain the order of apparent decoloration rate. Photolytic 
oxidation studies were carried out at 25 ± 2°C. 
The pH effect on dye decoloration was also studied by changing the pH of the 
dye solution by adding incremental amounts of either dilute HCl or diluted NaOH. 
For experiments examining the effects of different additives (ions) on the 
decoloration of these dyes, 1 mglml of the salt were added to the dye solution before 
the addition of H202. None of the salts used had any effect on the dye spectra in the 
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ab ence of V light. The olution wa then irradiated with UV light and change in 
ab orbance value was noted to calculate the apparent decoloration rate constant. 
For experiment e amining the effects of different ions on the decoloration of 
dyes, a final concentration of I mg/ml of various salts were added to the dye solution 
before the addition of H202. The Absorbance's of solutions were monitored 
instantaneou ly on CARY 50 UV /VIS spectrophotometer. 
2.3.2 HPLC 
For H PLC analysis of the dye decoloration/degradation, 50 ml of dye solutions 
were taken either time zero (right after addition of H202 and no UV irradiation) 30 
minute of UV irradiation after addition of H202, and the organic component of the 
mi ture was extracted using dichloromethane. The organic layer was extracted again 
for a second time with dichloromethane, and then dried in a rotary evaporator . The 
dried substance (dye and/or degraded by-products) was then dissolved in 1 00% 
dichloromethane and then used for H PLC analysis. The samples were run on Cg­
Eclipse column (Agilent) using a 0 - 1 00% methanol (water as the base mobile phase) 
gradient over 30 minutes, at 1 m llmin, and analyzed by measuring the absorbance at 
280 nm. A representative H PLC method profile is shown below (Fig 2.2) 
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100 % Methanol 
Figure 2.2:  Method profi le showing the methanol gradient used 
for HPLC analyses of dyes and their degradation products. 
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2.3.3 GelMS 
For GC/M analysis of the dye decoloration/degradation, 50 ml of dye 
olutions were taken either at time zero (right after addition of H202 and no UV 
irradiat ion) or after 30 minutes of UV irradiation after addition of H202, and the 
organic component of the mixture was extracted using dichloromethane. The organic 
layer was extracted again for a econd time with dichloromethane, and then dried in a 
rotary evaporator. The dried substance (dye and/or degraded by-products) was then 
dis olved in 1 00% dichloromethane and then used for GC/MS analysis using Varian 
Ge/M sy tem. The samples were run on CP-Sil 24 CB Low Bleed/MS column 
operating temperature programmed (40, 3- 1 50- 1 0, 1 -250- 1 0, 1 )  in splitless mode. An 
injection volume of 1 �I with hel ium as a carrier gas was used. 
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Chapter III 
RESULTS AND 
DISCUSSION 
3. Results and discussion 
3. 1 Decoloration stud ies of Acrid ine  0 in  the presence of UVIH202 
Photolytic decoloration of Acridine 0 (C. l name is Basic Orange 1 4) was carried 
out in the pr sence of UV l ight and hydrogen peroxide. The absorbance changes in the 
dye oIution were monitored spectrophotometrical ly. 
The present work involves the study of the kinetics of H202 assisted 
photochemical oxidation of Acridine O. The structure of Acridine 0 is shown in (table 
2 . 1 ). The decoloration studies were done by observing changes in the absorbance value of 
Acridine 0 at 539 run . Initial experiments revealed no decoloration of dye solution with 
either UV l ight or H202 alone. However, the dyes started decolorizing immediately in the 
presence of H202 and UV radiation. The initial investigation of the dye revealed a major 
peak at 539 run as shown in (figure 3 . 1 ). Absorption spectra of the dye solution were 
monitored at regular intervals of time and percentage decrease in absorption was 
calculated as fol lows 
% dye decoloration = { ( l - At) / Ao} x 1 00 
where, At is the dye absorbance value at any given time, and Ao is the initial dye 
absorbance value in sol ution. Changes in absorption value as a function of irradiation 
time, which is a direct measure of dye decoloration was found to fit wel l  to a fust order 
rate equation given by: 
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Figure 3. 1 : Time dependent degradation of Acridine 0 by UVIH202 within 
30 minutes. [Acridine 0] = 2.0�M, [H202] = 3 .3mM. 
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Ln (Ao I At) = k t ( 1 )  
where k is the apparent rate constant, t i the irradiation time and Ao and At are the initial 
and the final absorbance alues of the dye solution respectively. 
H droxy I radicals are the main source of dye decoloration and are produced in solution 
due to irradiation b UV l ight. (36) 
(2) 
Due to their trong oxidizing nature, hydroxyl radicals can react with the dye molecules 
to produce intermediates which can thus cause the decoloration of the original solution. 
(37) 
'OH + dye � Intermediates � Products (3 ) 
The decoloration kinetics of Acridine 0 was carried out systematical ly  by varying 
the concentration of both H202 and of the dyes. (Figure 3 .2)  and (table 3 . 1 )  show the 
effect of varying dye concentration on the kinetics of dye decoloration. The apparent rate 
becomes less with an increase in Acridine 0 concentration. Similarly, (figure 3 .3 )  and 
(table 3 .2) shows the apparent rate constants and percentage decoloration of Acridine 0 
at different H202 concentrations. I t  can be seen that the apparent rate of dye decoloration 
increased with H202 concentration. 
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Table 3 . 1 : Effect of cridine 0 concentration on its photolytic decoloration. 
(H2 2 = 3 .3 mM) 
K * 1 0-2 (min- J ) % decoloration 
(acrid ine OJ ,...M 
Mean STD Mean STD 
1 1  1 . 1  96.4 0.7 
2 6.3 0.2 85 1 . 1  
3 3.7 0.2 66.2 2.5 
4 2.6 0.2 52.7 3.3 
1 2  --,- 1 20 
..... r 1 00 c: 1 0  "' ..... III c: 
c: _ 8 1 80 0 0 ';"  � 0 c: "' 
E 
� Q) 
6 60 0 ..... "' - 0 � � 0 ..... 0 Q) 
c: ..- 4 40 "0 Q) it 
� � "' 0 
c. 2 r 20 c. 
"' 
I 0 0 
0 1 2 3 4 5 
[acridine O]uM 
-t- Apparent rate constant * 1 0-2 (min- 1 )  % decoloration 
Figure 3.2: Effect of Acridine 0 concentration on the percent decoloration 
and apparent rate constant of the decoloration reaction. [ H202 ] = 3 .3mM. 
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Table 3.2: Effect of H202 concentration on Acridine 0 decoloration. 
(Acridine 0 = 2.0 JlM) 
K * 1 0-2 (min- l ) % decoloration 
( H 202 ] mM 
Mean ST D Mean STD 
1 .67 4.6 0.6 73.9 4.7 
3.34 6.3 0.2 85 1 . 1  
6.67 8.2 1 . 1  90.6 2.7 
33.3 7.4 0. 1 89. 1 0.4 
66.6 5.5 0.2 8 1 .2 0.8 
9 t 1 00 
90 .... 
r::: 80 co 7 .... 
(I) 70 c:: r::: '" 6 0 o '0 60 :;:: 
(.) � 5 
"' � 
Q) !-. 50 0 .... ,... 0 � 'r::: 4 0 
'E E 
3 
40 Q) '0 
Q) - 30 � � 0 co 
2 a. 20 a. 
co 1 1 0  
0 0 
0 20 40 60 80 
[H2Oz]rnM 
� Apparent rate constant (min- 1 )*1  0-2 - % decoloration 
Figure 3.3 : Effect of Hydrogen peroxide concentration on the percent 
decoloration and apparent rate constant of the decoloration reaction, 
[Acridine 0] = 2.0JlM. 
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However. as expected, at high concentration , the solution undergoes sel f  
quenching of  -OR radicals by added amounts of  H202 to produce HO-2 radicals, thereby 
causing a decrease in % decoloration. 
(4) 
The peroxy radicals produced as a re ult of the above reaction can also enter in other 
reaction pathways. (38) Thus one can assume that H202 acts as a pseudo catalyst in this 
case. 
In subsequent decoloration studies, the concentration of H202 was kept at an 
optimum level of 3 .33  mM, and the Acridine 0 concentration was maintained at 2 IlM. 
Dye decoloration was also studied in various acidic or basic conditions. The pH 
alue of was changed by adding incremental amounts of either concentrated Hel or 
NaOH to the dye solution and irradiating it with UV l ight in the presence of H202. (Table 
3 .3) shows the percentage change in decoloration of tbe dye at three different pH values. 
The photolytic dye decoloration appears to be more in basic media as compared to acidic 
media. This is most l ikely due to the fact that in alkal ine pH, peroxide anions (H02-) are 
produced in solution by UV radiation, which in turn can generate more -OH radicals. (39) 
(5) 
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pH 
2 
7 
1 1  
Table 3.3: Effect of pH on Acridine 0 decoloration. 
(Acridine 0 = 2.0 f..lM ;  H202 = 3 .33  mM )  
K * 1 0-2 (min- I ) % decoloration 
Mean STD Mean STD 
4. 1 0.2 70.9 1 .4 
6.3 0.2 85 1 . 1  
5 0. 1 77 0.3 
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It has b en pre iou ly noted that ion which are normal ly present in texti le waste­
water stream can have dramatic effect on the kinetics of dye decoloration. (40) 
Therefore, the effect of arious anions on the photolytic decoloration of Acridine 0 were 
al 0 noted. The kinetics of dye decoloration in the presence of these ions and percentage 
decoloration of the dye solution in the presence of these ions is shown in ( table 3 .4). It 
can be een from this table that most of the ions tested had l ittle effect on dye degradation 
e cept ulfite ions which actual ly reduced the percent decoloration. 
nder conditions where around 80% Acridine 0 would normal ly be degraded, sulphite 
ion reduced this to only 26%. This can be explained by the fact that sulfite anions can 
readi ly react with hydroxyl radicals as shown below. (4 1 )  
I n  conclusion, Acridine 0 dye was subjected to UV l ight i n  the presence of 
hydrogen peroxide. The dye underwent decoloration which was observed by monitoring 
the changes in the absorption values of the dye solutions. The photolytic oxidation of the 
dye is due to the reaction of the dye with the hydroxyl radicals generated in solution. First 
order kinetics was found to fit wel l  to the decoloration scheme of the dye. The 
decoloration of Acridine 0 became less in the presence of sulphite and nitrate ions. For 
effective decoloration of the Acridine 0, sulphite ions should thus in particular be 
removed from the dye solution prior to its exposure to UV l ight. 
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Table 3.4: Effect of various ions on Acridine 0 decoloration. 
(Acridine 0 = 2.0 11M; H202 = 3 .33  rnM) 
[ Ions]= 1 mglm L  K * 1 0-
2 ( min- I ) % decoloration 
Mean STD Mean STD 
6.3 0.2 85 1 . 1  
CO/- 5.2 0.3 79.2 1 .6 
SO/- 5.4 0. 1 79.9 0.4 
N 03- 4.9 0.3 77 1 . 1  
cr 0.6 0 26.2 0.3 
SO/- 6. 1 0 . 1  84.2 0.7 
4 1  
3.2 Photolytic decoloration of Am ido Black by UVIHZ02 
Amido B (C . I  name i Acid B lack 1 )  was irradiated with UV l ight in the presence 
of hydrogen pero ide. The photo-oxidation of the dye was monitored 
pectrophotometrical ly .  
In  the pre ent work, the kinetics of H202 assisted photochemical oxidation of 
Amido B was investigated. The structure of Amido B is shown in ( table 2 . 1 ). The 
decoloration tudies were attempted by observing changes in the absorbance value of 
Amido B at 6 1 8  nm. In itial experiments with either UV l ight or H202 alone did not cause 
any significant changes in the decoloration of dye. However, the dye started degrading 
immediately in the presence of H202 and UV radiation. The initial investigation of the 
dye revealed a major peak at 6 1 8  nm as shown in (figure 3 .4). Changes in the absorption 
spectra of the dye solution were monitored at regular intervals of time. Percentage 
decrease in absorption was calculated as fol lows 
% dye decoloration = { (  1 - At) / Ao } x 1 00 
Where, At is the dye absorbance value at any given time, and Ao is the initial dye 
absorbance value in solution. Changes in absorption value as a function of irradiation 
time, which is a direct measure of dye decoloration was found to fit wel l  to a fust order 
rate equation given by : 
Ln ( Ao / Ad = k t ( 1 )  
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Figu re 3.4: Time dependent degradation of Amido B 
by UV 1H202 within 30 minutes. 
fAmido Bl = 20 uM, r H2021  = 3 .3  mM. 
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Where k is the apparent rate constant, t is the irrad iation time and Ao and At are the initial 
and the final absorbance alue of the dye solution respectively. 
The decoloration of the dye solution is mainly due to the reaction of hydroxyl 
radicals generated by hydrogen peroxide in solution upon irradiation by UV l ight. (36) 
(2)  
ince hydro yl radicals are very trong oxidizing reagents, they can react with the dye 
molecules to produce intermediates which can cause the decoloration of the original 
o lution 
·OH + dye ---+ . p  (3 )  
Assuming that a l l  the hydroxyl radicals generated in solution remam m the 
icinity of the dye molecule during their short l i fetime, it would be safe to say that they 
are probably the main source of initiating the decoloration reaction of the dye molecule. 
(37) 
To optimize the decoloration kinetics of Amido B, we carried out a systematic 
study varying the concentration of both H202 and of the dyes. (F igure 3 .5 )  and (table 3 .5)  
show the effect of varying dye concentration on the kinetics of dye decoloration. The 
apparent rate becomes less with increase in Amido B concentration. 
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Table 3.5: Effect of Amido B concentration on it 
[Amido BJ  JIM 
5 
1 0  
20 
30 
18 -
16 
1
4 
.. 
; 12 
.. 
II) 
c: N 1 0 
8 0 
Q) r- 8 .. -
CV '  ... . = 6 $ E 
cv -
; 
4 
0. 
0. 2 < 
o 
o 5 
(H202 = 3 .3  mM) 
K * 1 0-2 (min- I ) 
Mean STD 
1 6  0.2 
9.6 0 
5. 1 0 . 1  
3.4 0. 1 
1 0 15 20 
[Amido 8]uM 
photolytic decoloration. 
% decoloration 
Mean STD 
99.3 0. 1 
95 0 
78.7 0.3 
64 1 .6 
� 1 20 
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Figure 3.5: Effect of Amido B concentration on the percent decoloration and 
apparent rate constant of the decoloration reaction. [ H202] = 3 .3mM. 
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imi larly, (Figure 3 .6) and (table 3 .6) show the apparent rate constants and 
percentage decoloration of Amido B at different H202 concentrations. It can be seen that 
the apparent rate of dye decoloration increased with H202 concentration. 
However as expected, at high concentrations, the solution undergoes sel f  
quenching of  OH radical by added amounts of H202 to produce HO·2 radicals, thereby 
causing a decrease in percent decoloration. 
(4) 
The peroxy radicals produced as a result of the above reaction can also enter in  
other reaction pathways. (38) Thus one can assume that H202 acts as a pseudo catalyst in 
this case. 
For subsequent decoloration studies, the concentration of H202 was kept at an 
opt imum level of 3 .3  mM, and the Amido B concentration was maintained at 80 jlM. 
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Table 3.6: Effect of H202 concentration on Amido B decoloration. 
[ H202] mM 
0.83 
1 .67 
3.34 
6.68 
66.6 
N 8 
6 .... 7 .. 
i:: 6 
E 5 
-" 4 ... -c: 3 IV ... III c: 2 0 u 
(I) 1 ... 
IV 0 a:: 
0 
(Amido B = 20 11M)  
K * 1 0-2 (min- I ) % decoloration 
Mean STn Mean 
2.3 0.02 50.2 
3.8 0.4 67.9 
5.1 0.1 78.7 
6.9 0. 1 88.6 
5.8 0.2 83. 1 
- - - - - - - - - - - -
1 0  20 30 40 50 60 
[H202], mM 
STn 
1 
3.8 
0.3 
1 .6 
1 .04 
1 00 
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Figure 3.6: Effect of Hydrogen peroxide concentration on the percent 
decoloration and apparent rate constant of the decoloration reaction, 
[ Amido B ]  = 20Il M .  
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The effect of pH value was also studied by adding incremental amounts of either 
concentrated Hel or NaOH to the dye solution in the presence of U VI H202. (Table 3 .7) 
how the percentage change in decoloration of the dye at three different pH values. The 
photolytic dye decoloration appears to be more in basic media as compared to acidic 
media. This is most l ikely due to the fact that in alkal ine pH, peroxide anions (H02-) are 
produced in solution by UV radiation, which in turn can generate more OH radicals. (39) 
( 5 )  
We and others have previously shown that ions that are normal ly present in texti le 
waste-water streams can have dramatic effects on the kinetics of dye decoloration. (40) 
Therefore, we tested the effects of various anions on the photolytic decoloration of 
Amido B .  The kinetics of dye decoloration in the presence of these ions and percentage 
decoloration is shown in ( table 3 .8) .  It can be seen from this table that carbonate and 
chloride ions did had a drastic effect on dye degradation. The increase in dye 
decoloration was due to the alkal inity of the solution not to the effect of the presence of 
ions. More work is needed to confirm the exact mechanism. Also surprisingly, sulfite 
anions did not account for a large change in % decoloration. 
Under conditions where more than 50% Amido B would normal ly be degraded, sulphite 
ions reduced this to only 2 1  %. This can be explained by the fact that sulfite anions can 
readi ly  react with hydroxyl radicals as shown below. (4 1 )  
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Table 3.7: Effect of pH on Amido B decoloration. 
(Amido B= 20 J.lM; H202 = 3.3 mM) 
0/0 decoloration 
pH value 
Mean 8TD 
2 57.9 4.8 
7 78.7 0.3 
1 1  74.8 2 
Table 3.8: Effect of various ions on Amido B decoloration. 
(Amido B = 20 J.lM; H202 = 3 .3  mM) 
K * 1 0-2 (min- l ) % decoloration 
[ Ions]= 1 mg/mL 
M ean 8T D  Mean 8TD 
5. 1 0. 1 78.7 0.28 
cr 5.4 0.6 80.6 3. 1 
80/- 4.9 0 76.9 0.42 
N03- 4.4 0.05 73.4 0.64 
80l- 0.8 0. 1 2 1 .3 2.97 
col- 8.7 0.2 92.9 0.5 
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In conc1u ion. photolytic oxidation of Amido B was carried out in the presence of 
hydrogen peroxide. The decoloration of the dye olution was observed by monitoring the 
change in the absorption value of the dye solutions. It was found that first order kinetics 
fitted el l  to the decoloration cherne of both the dyes. The decoloration of Amido B was 
pronounced in the presence of sulphite and nitrate ions. Thus for effective decoloration of 
the Amido B. these ions should be removed from the dye solution prior to its exposure to 
UV l ight. The overall photolytic oxidation of the dyes is due to the reaction of the dye 
with the h dro yl radical generated in solution. 
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3.3 Decoloration stud ies of Au ra m ine 0 i n  the p resence of UVIH202 
Photolytic decoloration of Auramine 0 (C . I  name is Basic Yel low 2)  was carried 
out in the presence of V l ight and hydrogen peroxide. The absorbance changes in the 
dye olution were monitored spectrophotometrical ly.  
The pre ent work involves the study of the kinetics of H202 assisted 
photochemical oxidation of Auramine O. The structure of Auramine 0 is shown in ( table 
2 . 1 ). The decoloration studies were done by observing changes in the absorbance value of 
Auramine 0 at 430 run. Initial experiments revealed no decoloration of dye solution with 
either UV l ight or H202 alone. However, the dyes started decolorizing immediately in the 
presence of H202 and UV radiation. The initial investigation of the dye revealed a major 
peak at 430 nm as shown in (figure 3 . 7). Absorption spectra of the dye solution were 
monitored at regular intervals of time and percentage decrease in absorption was 
calculated as fol lows 
% dye decoloration = { (  1 - At) / Ao } x  1 00 
where, At is the dye absorbance value at any given time and Ao is the initial dye 
absorbance value in solution. Changes in absorption value as a function of i rradiation 
time, which is a direct measure of dye decoloration was found to fit wel l  to a first order 
rate equation given by: 
Ln ( Ao / At ) = k t ( 1 )  
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O.B 
300 400 500 600 
Wavelength (nm) 
700 
Figu re 3.7: Time dependent degradation of Auramine 0 by UV lI-h02 
within 30 minutes. [ Auramine 0] = 20 �M, [ H202] = 1 . 7 mM. 
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where k i the apparent rate constant, t is the irradiation time and Ao and At are the initial 
and the final ab orbance values of the dye olution respectively. 
Hydroxyl rad icals are the main source of dye decoloration and are produced in solution 
due to i rradiation by UV l ight. (36) 
(2) 
Due to their strong oxidizing nature, hydroxyl radicals can react with the dye 
molecules to produce intermediates which can thus cause the decoloration of the original 
solution. (37) 
'OH + dye � I ntermediates � Products ( 3 )  
Decoloration kinetics of Auramine 0,  was also carried out systematical ly by 
varying the concentration of both H202 and of the dye. The apparent decoloration rate 
constant values in  cases of varying dye concentration is shown in (figure 3 .8 )  and (table 
3 .9). From this table on can see that decoloration became less with i ncreasing 
concentration of Auramine 0 concentration. Similarly, (figure 3 .9) and ( table 3 . 1 0) show 
the apparent rate constants and percentage decoloration of Aurarnine 0 at different H202 
concentrations. It is apparent from this data that the rate of dye decoloration was directly 
proportional to H202 concentration, but becomes less at very high H202 concentration, 
which can be attributed to sel f  quenching of ·OH radicals as stated before. 
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Table 3.9: Effect of Auramine 0 d e concentration on its decoloration 
[ H202 ] = 1 . 7 mM 
[Aura mine OJ JIM 
7 
6 
5 
1 0  
20 
30 
40 
K * 1 0-2 (min- I ) 
Mean STD 
6.2 0. 1 
5.5 0 
2.4 0. 1 
1 .5 0. 1 
% decoloration 
Mean STD 
83.7 0.5 
80.7 0 . 1  
50.2 1 .4 
35.3 2.6 
� 90 
80 
70 
60 
C N o . 4 50 
o 0 
CD ...... « - - 3 40 
"' ';" ... C 30 - 2 c: E CD - 20 ... "' 
Q. 
Q. "' 
1 1 0  
0 0 
0 1 0 20 30 40 50 
[Auramine O]uM 
� apparent rate constant (min-1 ) _ % decoloration 
Figure 3.8 : Effect of Auramine 0 concentration on the percent 
decoloration and apparent rate constant of the decoloration reaction. 
[ H202 ] = 1 .7mM. 
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Table 3. 1 0: Effect of H2 2 concentration on Auramine 0 decoloration. 
(Auramine 0 = 20 1lM) 
I H 202 ] m M  
0.83 
1 .67 
3.34 
1 6.67 
33.33 
-c: 
C'CI -II) 
c: N o . 
(J 0 ..... 
.. Q) - -
C'CI "';" � c: 
- E c: Q) -� C'CI Q. 
a. C'CI 
14  
12  
10  
8 
6 
4 
2 
0 
0 5 
K * 1 0-2 (min- I ) 0/0 decoloration 
Mean STO Mean STO 
2.6 0 . 1  53. 1 0.5 
5.5 0 80.7 0. 1 
7.6 0.3 89.7 0.9 
1 1 .8 1 . 1  96.9 0.9 
9. 1 0. 1 93.8 0.3 
1 20 
1 00 
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Figure 3.9: Effect of Hydrogen peroxide concentration on the percent 
decoloration and apparent rate constant of the decoloration reaction, 
[Aurarnine 0] = 20IlM .  
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Howe er, as expected, at high concentrations, the solution undergoes self  
quenching of OH radical by added amounts of H202 to produce HO'2 radicals, thereby 
cau ing a decrease in percent decoloration. 
(4) 
The peroxy radicals produced as a result of the above reaction can also enter in 
other reaction pathways. (38) Thus one can assume that H202 acts as a pseudo catalyst in 
thi case. 
In al l  subsequent decoloration studies, the concentration of H202 was kept at an 
optimum level of 1 . 7 mM, and the Aurarnine 0 concentration was kept constant at 20 
11M .  
Since pH of the solution i s  an important factor in determining the percentage 
decoloration of dye solutions, it was therefore also studied for Auramine O. The effect 
was studied by adding incremental amounts of either concentrated Hel or NaOH to the 
dye solution in the presence of U VI H202. (Table 3 . 1 1 ) shows the percentage change in 
decoloration of the dye at three different pH values. The photolytic dye decoloration 
appears to be more in acidic media as compared to in basic media, although maximum 
decoloration was seen at pH 7 .  
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Table 3. 1 1 :  Effect of pH on Auramine 0 decoloration. 
(Auramine 0 = 20 �M; H202 = 1 . 7 mM )  
pH value 
2 
7 
1 1  
57 
% decoloration 
Mean STD 
46.7 3.6 
80.7 0. 1 
1 3.5 6.4 
The effect of various ion on Auramine 0 decoloration was also monitored. 
(Table 3 . 1 2) hows the percentage dye decoloration in the pre ence of the e ions. It can 
b een from this table that al l  the ions tested did not had a drastic effect except sulphite 
ions which reduced the percent decoloration to 5 %. This can be explained by the fact 
that ulfite anions can readi ly react with hydroxyl radicals as shown below. (4 1 )  
In  conclusion, Aurami ne 0 dye was subjected to U V  l ight i n  the presence of 
hydrogen peroxide. The dyes underwent decoloration which was observed by monitoring 
the changes in the absorption values of the dye solutions. The photolytic oxidation of the 
dyes is due to the reaction of the dye with the hydroxyl radicals generated in solution. 
First order kinetics fitted was found to fit wel l  to the decoloration scheme of the dyes. 
The decoloration of A uramine 0 was unchanged in the presence of the most ions tested 
except sulphite ions. For effective decoloration of the Auramine 0, sulphite ions should 
thus in  particular be removed from the dye solution prior to its exposure to UV l ight. 
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Table 3. 1 2  Effect of various ions on Auramine 0 decoloration. 
(Auramine 0 = 20 �; H202 = 1 . 7 mM ) 
[ Ions ]= 1 mg/m L K * 1 0-
2 ( min- I ) % decoloration 
Mean STD Mean STD 
5.5 0 80.7 0. 1 
cr 4 0.3 69 2.3 
SO.t 4.2 0.4 7 1 .2 3.7 
N03- 3.6 0.4 65. 1 4.9 
S032- 0.2 0 4.8 0.6 
CO/- 6.6 0. 1 86.2 0.8 
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3.4 Kinetics a nd optim ization of photolytic decoloration of Ca rm ine by 
U V/H 202 
Carmine (C . l  name i Natural Red 4), a naturally occurring important dye, was 
subjected to V radiation in the presence of hydrogen peroxide. The photo-oxidation of 
the d e as monitored pectrophotometrical ly .  
In  the pre ent work, the kinetics of H202 assisted photochemical oxidation of 
Carmine was inve tigated. The structure of the dye as wel l  as the UV -Vis spectra of the 
d e is given in (figure 3 . 1 0). The decoloration studies were attempted by observing 
changes in the absorbance value of the dye at 500 nm. Initial ly, experiments were carried 
out with either UV l ight or H202 alone. The resul ts showed that mere UV l ight or H202 
alone did not result in any significant decoloration of this dye. However when the dye 
solutions of arious concentrations were mixed H202 prepared in aqueous media and 
ubjected to UV l ight, the dye started degrading immediately in the presence of H202 and 
the UV radiation. The decrease in the absorption spectra of the dye solution was 
monitored at regular intervals of time. Percentage decrease in absorption was calculated 
as fol lows: 
% decrease in absorption = [ { A  ( initial) - A (final ) } /A ( initial) ]  x 1 00 
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Figure 3. 1 0 :  Chemical structure of carmine and visible spectra showing 
photolytic degradation of carmine using UV IJ-h02. Scans were taken at 0, 
3, 5 ,  1 0, 1 5, 20, 25 and 30 minutes after photolytic treatment. 
[Carmine] =80�M, [ H202 ]  =3.3mM 
6 1  
The change of ab orption value which i a mea ure of it decoloration, as a function of 
i rradiation time is depicted in figure 3 . 1 1 ). The kinetics of dye decoloration with respect 
to i ts change in absorption alue fitted wel l to a first order rate equation. 
Ln (Ao ) - Ln(At ) = k t ( 1 )  
Where k i the apparent rate con tant t is the irradiation t ime and Ao and At are the initial 
and the [mal absorbance values of the dye solution respectively. The decoloration of the 
dye olution is due to the reaction of hydroxyl radicals generated by hydrogen peroxide in 
olution upon i rradiation by UV l ight. (36) 
(2)  
Since hydroxyl radicals are very strong oxidizing reagents, they can react with the dye 
molecules to produce intermediates which can cause the decoloration of the original 
solution 
'OH + dye - . p  ( 3 )  
Assuming that al l  the hydroxyl radicals generated in solution remam m the 
vicinity of the dye molecule during their short l i fetime, it would be safe to say that they 
are probably the main source of initiating the decoloration reaction of the dye molecule. 
(37) 
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Figure 3.1 1 :  
A)  Photolytic degradation of Carmine using UV1H202. [Carmine] = 80 J..lM 
and [ H202] = 3 .3  mM. Scans were taken at 0, 3, 5,  1 0, 1 5, 20, 25 and 30  
minutes after photolytic treatment. 
B) First order curve fitting of Carmine decoloration data. 
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To optimize the decoloration kinetics of the dye, we carried out a systematic study 
varying the concentration of both H202 and of carmine. (Figure 3 . 1 2 ) and (table 3 . l 3 ) 
how the effect of arying carmine concentration on the kinetics of dye decoloration. 
Unexpectedly, we found that the apparent rate of carmine decoloration appears to be the 
arne between 20 - 80 �M concentrations of carmine. Only at carmine concentration of 
1 60 �M a lower apparent rate of carmine decoloration and a slower apparent rate of 
decoloration was observed. Similarly, (figure 3 . 1 3 ) and (table 3 . 1 4) show the apparent 
rate constants and percent decoloration of carmine at different R201 concentrations. I t  
can be seen that the apparent rate of  dye decoloration was directly  proportional to R202 
concentration; however at high concentrations of RI02 the increase in dye decoloration 
was not l inear. As expected, at high concentrations, the solution undergoes sel f  
quenching of  OR radicals by added amounts of R202 to produce RO·I radicals. 
(4) 
The peroxy radicals produced as a result of the above reaction can also enter in 
other reaction pathways. (38) Thus one can assume that R202 acts as a pseudo catalyst in 
tbis case. 
For subsequent decoloration studies, the concentration of H201 was kept at an 
optimum level of 3 . 3  mM, and the Carmine was maintained at 80 �M. 
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Table 3. 1 3 :  Effe t of armine concentrat ion on it photolytic decoloration, 
[H2 2 ]= 3 .3 mM 
[Carminel J1M K * 1 0-2 ( min- I ) % decoloration 
-
c 
S II) 
c 
0 ";"  () .E 
Q) E - -tV ... N 
- 0 c � Q) .. ... 
tV 
Q. 
a. 
tV 
20 2.2 53 
40 2.5 53 
80 2.6 55 
1 60 1 .3 33 
3 60 
2.5 50 
2 40 
1 . 5 30 
1 20 
0.5 1 0  
0 0 
0 50 1 00 1 50 200 
[cannine] �M 
-.- apparent rate constant * 1 0-2 (min-1 ) % decoloration 
Figure 3. 1 2 : Effect of annine concentration on the percent 
decoloration and apparent rate constant of the decoloration 
reaction. [H202 ] = 3 .3  rnM. 
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Table 3. 1 4: ffe t of H2 2 C ncentration on carmine decoloration. 
armine = 0 IlM 
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Figu re 3. 1 3 :  Effect of Hydrogen peroxide concentration on the 
percent decoloration and apparent rate constant of the decoloration 
reaction, [Carmine] = 80IlM. 
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The effect of pH alue was al 0 studied by adding incremental amounts of either 
concentrated Hel or NaOH to the dye olution in the presence of UV / H202. (Table 3 . 1 5 ) 
and ( figure 3 . 1 4) sho the percent change in decoloration of the dye at three different pH 
values. The photolytic d e decoloration appears to be more at alkal ine pH, and less at 
acidic pH. 
Thi enhancement in dye decoloration in basic conditions is most l ikely due to the 
fact that at alkal ine pH. peroxide anions ( H02) are produced in solution by UV radiation, 
which in turn can generate more OH radicals. (39) 
(5 )  
We and others have previously shown that ions that are normal ly  present in textile 
waste-water streams can have dramatic effects on the kinetics of dye decoloration. (40) 
Therefore. we tested the effects of various anions on the photolytic decoloration of 
carmine (table 3 . 1 6). The kinetics of dye decoloration in  the presence of these ions is also 
shown in (figure 3 . 1 5) .  It can be seen from the table and the figure that carbonate and 
chloride ions did not have any effect on dye degradation. Also surprisingly, nitrate and 
sulphate ions caused a small but significant increase in the apparent rate of dye 
decoloration. The increase in dye decoloration was due to the alkal inity of the solution 
not to the effect of the presence of ions. More work is needed to confirm the exact 
mechanism. Most surprising was the result we observed was the dramatic effect of sulfite 
aruons. 
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Table 3. 1 5: [feet of pH on Carmine decoloration. 
(Carmine = 80 !lM· H202 = 3 .3  mM 
pH value % decoloration 
2 1 0. 1  57. 1 7  
6 2.6 55.02 
1 0  4.88 74.48 
80 
70 
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Figure 3. 1 4 :  Effect of pH on the decoloration of Carmine. Samples were 
exposed to UV II-h02 for 1 0  minutes before measuring the resultant dye 
concentrations. [ Carmine] = 80!lM and [H202] = 3 .3  mM 
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Table 3. 16 :  ffect of ari u ion on carmin decoloration. 
( arm ine = 0 I-lM;  H2 2 = 3. mM) 
Ion K * 1 0-2 (min-I ) % decoloration 
2.6 55.02 
4.52 55.02 
0./ 3.54 65.5 1 
3.34 62.7 
r 2.63 55.89 
0.2 1 1 0.76 
1 00 
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Figu re 3. 1 5 : Effect of various ion on the decoloration of Carmine. 
[Carmine] = 80I-lM, [ H202] = 3 .3  mM and [ Ion ] = 1 mglml.  
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nder condition her more than 50% carmine would nonnal l be degraded, 
ulphite ion reduced thi t nl 1 0%. Thi can b e plained by the fact that ulfite 
anion' an readi I react with h dr I radical a hown below. (41) 
· H + 32 -+ H2 + . 3 k - 5 . 1  x 1 0\L mol I 
I ) (6) 
La tl in order to confinn that the actual degradation was occurring during the 
photolytic treatment. samples of dye solution was taken at pecific intervals and 
ubjected to H PL anal)' i . ( Figure 3 . 1 6) shows the H PL analysis of the dye solution 
after 30 minute of photolytic treatment. A can be een from this figure, a ignificant 
am unt of dy \,: as degrad d within 30 minutes and additional peaks (pre umably by­
product ) are produced. Hence, the 10 s of color (decoloration) we were ob erving was 
mo t I ik I} due to actual dye degradation. 
In conclusion, Photolytic oxidation of Cannine dye was carried out in  the 
pre ence of hydrogen peroxide. The decoloration of the dye olution was observed by 
monitoring the absorption values of the solution. It was found that first order kinetics 
fitted wel l to the decoloration scheme of the dye. The decoloration of the dye was less in 
the pre ence of sulphite ions. Thus for effective decoloration of the dye, this ion hould 
be remo ed from the dye sol ution prior to i ts exposure to UV l ight. The overall photolytic 
oxidation of the dye is  due to the reaction of the dye with the hydroxyl radicals generated 
in olution. 
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Figure 3. 1 6 :  HPLC analysis of the decoloration/degradation of Carmine by the 
UVIH202 photolytic proce . ample were taken either at 0 minutes (no 
VIH2 2 )  or after 30 minute of UV/l-h02 expo ure. ample were prepared and 
analyzed as described in Materials and Methods section. 
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3.5 Decoloration tud ie of Ma lach ite Green i n  the presence of UVIH202 
Ph tolytic decoloration of Malachite Green ( . I  name is Basic green B) wa 
arricd ut in the pre ence of V l ight and hydrogen pero ide. The absorbance changes 
in the d e olution \ er monitored p ctrophotometrical l . 
I n  the pre ent work, the kinetics of H202 as i ted photochemical oxidation of MG 
was in e tigated. The tructure of the dye is given in ( table 2 . 1  ).The initial investigation 
of the dye revealed a major peak at 6 1 4  nm as shown in (figure 3 . 1 7) .  The degradation 
tudie v.ere attempted b ob erving changes in the absorbance value of the dye at this 
wavelength. In itial ly, e periments were carried out in the ab ence and presence of either 
l ight or H202 alone. The results howed that mere UV l ight or H202 alone was not 
ufficient for degradation of this dye. 
Dye olutions of arious concentrations in the pre ence of 1 .67 mM H202 were 
prepared in aqueous media and subjected to UV l ight. The dye started degrading 
immediately in the presence of H202 and the UV radiation. The rate of degradation was 
monitored by measuring the decrease in absorption value of the peak at 6 1 4  nm in the 
visible region. The decrease in the ab orption spectra of the dye sol ution was monitored 
at regular 
% decrease in absorption = [ {A ( i nitial ) - A (final ) } /  A ( initial )] x 1 00 
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Figu re 3. 1 7: Time dependent degradation of MG by UV/I-h02 within 30 minute . 
[MG] = 20�M, [ H202] = 1 .67 mM. 
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The change of ab orption alue which i a m asure of it degradation, as a function of 
irradiation time i depicted in ( figure 3 . 1 7) .  The kinetic of dye degradation with respect 
to it change in ab orption alue fitted wel l to a fir t order rate equation. 
Ln ( Ao ) - Ln( I )  = k t 
Where k i the rate con tant. t i the irradiation t ime and Ao and At are the initial and the 
tinal ab orbance valu s of th dye olution re pecti ely. 
To optimize the degradation kinetics of the dye, we carried out a systematic study 
varying the concentration of both H202 and of MG. (Figure 3 . 1 8) and (table 3 . 1 7) show 
the rate con tants and percent degradation of MG at different H202 concentrations. As 
can be een the rate of dye degradation was directly proportional to H202 concentration. 
imilarl , ( table 3 . 1 8) hows the effect of varying MG concentration on the kinetics of 
dye degradation. The rate of MG degradation appear to be inversely proportional to the 
dye concentration. 
The degradation of the dye solut ion is due to the reaction of hydroxyl radical 
generated b} hydrogen peroxide in solution upon irradiation by UV l ight. (36) 
H202 + hv ---+ 2 ·OH 
ince hydroxyl radicals are very strong oxidizing reagents, they can react with the dye 
molecules to produce intermediates which can cause the degradation of the original 
olution 
·OH + dye ---+ . p  
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able 3. 1 7: ffect of H2 2 oncentration on the kinetic of MG Degradation 
( 0 minute ). [ M  ] = 20 f.lM 
\ "202] m M  
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Figure 3. 1 8 :  Effect of H202 concentration on the Kinetics of MG 
Degradation. [MG] = 20f.lM, [ H202] w as  either 0.835, 1 .67, 3 .34 and 
6.68mM 
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Table 3. 1 8: ffect of MG concentration on the kinetic of dye degradation 
(30 minutes). [ H202] = 1 .67mM 
( MG ]  11M % decoloration 
5 7.5 9 1 . 1  
1 0  4.6 75. 1 
20 4.5 75.7 
30 2 . 1  45.9 
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ummg that all the hydroxyl radical generated in olution remam In th 
i init f the dye molecule during their hort l ifi time, it would be safe to a that the 
arc probabl the main ource of initiating the degradation reaction of the dye molecule. 
(37) The concentration of H202 wa kept at an optimum level ( in thi ca e at 1 .67 mM) due 
to the fact that at high c ncentrat ion , the olution undergoes self  quenching of OH 
radical by added amount of H2 2 to produce HO·2 radical . 
(4) 
The p roxy radicals produced as a result of the above reaction can al 0 enter in 
other reaction pathways. (38) Thus one can assume that H202 acts as a pseudo catalyst in 
thi  case. 
The effect of pH value was al 0 tudied by adding incremental amounts of either 
concentrated Hel or NaOH to the dye olution in the pr sence of UV / H202. There was a 
ignificant effect on the kinetics of dye degradation appeared as shown in ( table 3 . 1 9) and 
( figure 3 . 1 9) .  The rate of decoloration was very fast at alkaline pH as it became 
di colored Vv1thin  almo t 1 5  minutes. This is contrary to what we have observed with 
other dyes, where photolytic dye degradation appears to be best at alkal ine pH, and 
lowest at acidic pH. Perhaps, the wel l-documented pH effect on dye degradation is dye­
dependent. 
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Table 3. 19 :  ffeet of pH on MG decoloration . 
[ M  ] = 20 �M; [ H202] = 1 .67 mM) 
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Figure 3. 1 9 :  Time dependent degradation of MG by UV/I-h02 
within 1 5  minutes. [ MG] = 20�M, [H202] = 1 .67 mM at 
pH= 1 (A) and pH= 1 2  (B )  
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800 
Thi l ight enhancement in dye degradation i mo t l ikely due to the fact that at 
alkal ine pH. pero ide anion ( H  2-) are produced i n  olution by U V  radiation. which i n  
tum can generate more H radical . (39) 
We and other have previou ly shown that ions that are normal ly  present in texti le 
waste-water treams can ha e dramatic effect on the kinetics of dye degradation. 
Therefore. we te ted the effect of arious anions on the photolytic degradation of MG as 
ho\-VIl in (table 3 .20). It can be een from this table that the percent degradation of the 
dye olution was sub tantial ly decreased in the pre ence of al l  ions. The inhibitory effect 
of hal ide on dye degradation has been previously shown and explained by us and others. 
(40) 
I n  conclusion. Photolytic oxidation of MG dye (also cal led as Basic green 4) was 
carried out in the presence of hydrogen peroxide. The degradation of the dye solution was 
ob erved by monitoring the absorption values of the solution. I t  was found that fir t order 
kinetics fitted well to the degradation scheme of the dye. The degradation of the dye was 
less in the pre ence of al l  ions. Thus for effective degradation of the dye. these ions 
hould be removed from the dye solution prior to its exposure to UV l ight. The overal l 
photolytic oxidation of the dye is due to the reaction of the dye with the hydroxyl radicals 
generated in solution 
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Table 3.20: fleet of anous IOn on MG degradation (30 minutes). 
[ MG ]  = 20 J..lM, [ H202 ] = 1 .67 mM 
Ions K * 1 0-2 (min- I ) % decoloration 
4.5 75.7 
o.t 2.4 5 1 .2 
NOJ- 2 48.9 
PO/- 1 .96 45.9 
cr 1 .95 45.3 
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3.6 Photolytic decoloration of Na phthol Yellow by UVIH202 
aphth I Yello ( .I name i Acid Yel low 1 )  wa irradiated with V l ight in the 
pr ence of hydrogen pero ide. The photo-o, idation of the dye was monitored 
p ctrophotometrical ly. 
In  the pre nt work, the kinet ic of H202 as i ted photochemical oxidation of NY 
was inve tigated. The tructure of  Y is hown in ( table 2 . 1 ). The decoloration studies 
\\-ere attempted b ob erving change in the ab orbance value of N Y  at 428 nm. I nitial 
e. p riment with either UV l ight or H202 alone did not cau e any ignificant changes in 
the decoloration of dye. However, the dye started degrading immediately in the presence 
of H202 and V radiation. The initial in estigation of the dye revealed a major peak at 
428 nm as hown in ( figure 3 .20). 
D e olutions of various concentrations in  the pre ence of 6.67 rnM H202 were 
prepared in aqueous media and subjected to UV l ight. The dye started degrading 
i mmediately in  the presence of H202 and the UV radiation. The rate of degradation was 
monitored by measuring the decrease in  ab orption value of the peak at 428 nm in the 
visible region. Changes in the ab orption spectra of the dye olution were monitored at 
regular intervals of t ime. Percentage decrease in  absorption was calculated as fol lows 
% dye decoloration = { (  1 - At) / Ao } x 1 00 
8 1  
1 .5 
1 .0J 
] I � 
0 51 I 
o.o�t-
_____ -'--I ---=:::�===----,-,-========�--,i 200 400 600 800 
Wavelength (nm) 
Figure 3.20: Time dependent degradation of NY by UV/}h02 within 30 
minute . [NY]  = = 80 �, [ H202 ] = 6.67 mM. 
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Where, t i the dye ab orbance alue at any gIven time, and Ao i the initial dye 
ab orban e alue in olution. hange in ab orption value as a function of i rradiation 
time, ""hich i' a direct measur of dye decoloration was found to fit wel l to a first order 
rate quation given by: 
Ln ( 0 / At ) = k t ( 1 )  
Where k i the apparent rate con tant, t i the i rradiation time and Ao and At are the initial 
and the final ab orbance value of the dye solution respectively. 
The decoloration of the dye olution is mainly due to the reaction of hydroxyl 
radical generated by hydrogen pero ide in solut ion upon irradiation by UV l ight. (36) 
(2 ) 
i nce hydroxyl radicals are very strong oxidizing reagents, they can react with the dye 
molecules to produce intermediates which can cau e the decoloration of the original 
olution 
'OH + dye ---+ . p  ( 3 )  
A suming that all the hydroxyl radicals generated in solution remaIn In the 
icinity of the dye molecule during their short l i fetime, it would be safe to say that they 
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are probabl the main ource of init iating the decoloration reaction of the dye molecule. 
(37)  
he decoloration kinetic of NY was carried out y tematical ly  by varying the 
concentration of b th H202 and of the d c. The apparent decoloration rate constant value 
m ea e f \arying d e conc ntration i hown in (figure 3 .2 1 )  and ( table 3 . 2 1 ) .  
The decoloration as y tematic In nature and became less with increa ing 
concentration of Y concentration. Simi larly, (figure 3 .22) and ( table 3 .22) how the 
apparent rate con tant and percentage decoloration of N Y  at different H202 
con entration . It i apparent from thi data that the rate of dye decoloration was directly  
proportional to H202 concentration, but becomes less at very high H202 concentration, 
which can be attributed to sel f  quenching of OH radicals as tated before. 
The peroxy radicals produced as a resul t  of the above reaction can also enter in 
other reaction pathways. (38) Thu one can assume that H202 acts as a pseudo catalyst i n  
thi case. 
In al l subsequent decoloration studies, the concentration of H202 was kept at an 
optimum Ie el of 6.67 mM, and the N Y  concentration was kept constant at 80 )lM. 
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able 3.2 1 : Effect of Y d e concentrat ion on it  decoloration 
( H2 2 = 6.67 mM) 
K * 1 0-2 ( min- I ) % decoloration 
Y J  JiM 
Mean TD Mean TD 
20 1 0.7 0.6 1 95.9 0.76 
40 8.03 0.97 90.5 2.95 
80 4.9 0.46 76.97 3.46 
160 2 . 1  0. 1 5  45.7 2.48 
1 2  1 20 
1 0  1 00 
8 80 
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4 40 
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0 0 
0 50 1 00 1 50 200 
[NY]u M  
-.- APPARATE RATE CONSTANT % DECOLORATION 
Figu re 3.2 1 : Effect of N Y  concentration on the percent 
decoloration and apparent rate constant of the decoloration reaction. 
[H202] = 6.67mM. 
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Table 3.22 : 
I H202 ] m M  
-c:: 
.!! 
I/) 
1 .67 
3.34 
6.68 
33.3 
66.6 
8 
7 
6 
c:: N 5 o b o ..... 
� 1- 4  !II 0 ... .: 
� E 3 !II -... !II Q. Q. !II 
2 
o 
o 
ffect 
20 
f l h  2 concentration on NY decoloration. 
( Y = 80 �M 
K * 1 0-2 ( min- I ) % decoloration 
Mean TD Mean STD 
1 .63 0. 1 38 1 .32 
2.87 0.46 57.4 5.71 
4.9 0.46 76.97 3.46 
7 0.46 87.4 1 .4 
5.4 0 . 1  80. 1  0.61 
1 00 
90 
80 
70 c:: 0 
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Figu re 3.22 :  Effect of Hydrogen peroxide concentration on the percent 
decoloration and apparent rate constant of the decoloration reaction. 
[NY] = 80�M. 
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In e pH of the o)ution i an important fact r in determining the p rcentage 
dec loration of d}e olution , it wa therefore al 0 tudied for Y. The ffect was tudied 
b adding incremental amount of either concentrated He) or NaOH to the dye olution 
in the pre ence of 1H202. ( able 3 .23)  how the percentage change in decoloration of 
the d e at three di ffi rent pI J alue . Th photolytic dye decoloration appear to be more 
in acidic media as compared to in ba ic media. 
The effect of \ariou ion on NY decoloration was also monitored. (Figure 3 .23)  
and (Table 3 .24) how the percentage dye decoloration in the presence of the e ion . It 
can be e n from thi table that carbonate and sulphate ions only had a l ight effect on 
d}e degradation, whereas the other ions had minimal effect. The increase in dye 
decoloration was due to the alkal inity of the solution not to the effect of the presence of 
ions. More work is needed to confirm the exact mechanism. 
nder condition where more than 40% NY would normal ly be degraded, 
ulphite ions reduced thi to only 3%. This can be explained by the fact that sulfite anions 
can readily react with hydroxyl radicals as shown below. (4 1 )  
(6) 
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Table 3.23: ffect of pH on NY d coloration. 
Y= 80 �M� H202 = 6.67 mM) 
pH value 
3 
7 
1 1  
0/0 decoloration 
( 1 0  m inute ) 
Mean TD 
25.7 0.4 
40.9 5.87 
8.78 0. 1 6  
Table 3.24: Effect of various ions on N Y  decoloration. 
(NY = 80 �M; H202 = 6.67 mM) 
[ IonsJ= 1 mglmL 
cr 
So.t 
N03-
C032-
S032-
% decoloration 
M ean STD 
40.9 5.87 
39.8 4. 1 4  
32.3 3.23 
35. 1 1 .53 
8.8 0.2 1 
2.83 0.2 1 
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Figu re 3.23: Percent decoloration of various ions in the photolytic 
process of N Y  
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In c n lu  ion. Photolytic oxidation of Y dye wa carried out in the pre ence of 
hydr gen p ro ide. The d coloration of the dye olution was ob erved by monitoring the 
change in the ab orption alue f the d e solution . It was found that first order kinetics 
fitted wel l  t the dec loration cherne of the dye. The decoloration of NY became Ie m 
the pre ence of ulphite and carbonate ion . The 0 eral l photolytic oxidation of the dyes 
i due t th reacti n of th d e with the hydro I radical generated in olut ion. 
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3.7 Decoloration studie of Rhoda m i ne B in  the pre ence of UVIH202 
Photolytic de oloration f Rhodamine B ( . 1  name i Sa ic iolet 1 0) wa carried 
out in the pre ence of V l ight and h drogen pero id . The ab orbance change in the 
dye olution were monitor d pectrophotometrical l . 
In  the pre ent work. the kinetic of H202 as i ted photochemical oxidation of RhB 
was in e tigated. The tructure of the dye is gi en in (table 2 . 1 ) .  The initial inve tigation 
of the d e re ealed a major peak at 555  nrn as shown in (figure 3 .24). The degradation 
tudie were attempted b ob erving changes in the absorbance value of the dye at thi 
\\avelength. I nitial ly. e periment were carried out in the absence and presence of either 
UV l ight or H202 alone. The re ults showed that mere UV l ight or H202 alone was not 
ufficient for degradation of this dye. 
Dye olutions of anou concentrations in the presence of 1 .67 mM H202 were 
prepared in aqueous media and subjected to UV l ight. The dye started degrading 
immediately in  the presence of H202 and the UV radiation. The rate of degradation was 
monitored by measuring the decrease in absorption value of the peak at 555  nm in the 
visible region. The decrease in the absorption spectra of the dye solution was monitored 
at regular 
% decrease in absorption = [ { A  ( initial) - A (final ) } /A ( in it ial ) ]  x 1 00 
9 1  
1 .5 \ 
1 .0 \ 
0.5 
0 0  ---- � . �----�------�------�----�------�----�
200 300 400 500 600 700 
Wavelength (nm) 
Figure 3.24: Time dependent degradation of RbB by UVIH202 
within 30 minutes. [ RbB]  = 1 01lM, [ H202 ] = 1 .67mM 
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The change of ab orpti n alue which i a measure of it degradation, a a function of 
irradiation time i depicted in ( figure 3 .24). The kinetic of dye degradation with respect 
to it change in ab orption alue fitted wel J  to a fir t order rate quation. 
Ln ( Ao ) - Ln(At ) = k t 
Wh re k i the rate con tant, t i the irradiation t ime and Ao and At are the initial and the 
final ab orbance alue of the dye olution re pectively. 
To optimize the degradation kinetics of the dye, we carried out a sy tematic study 
varying the concentration of both H202 and of RhB. (F igure 3 .25)  and (table 3 .25)  show 
the rate con tant and percent degradation of RhB at different H202 concentrations. As 
can be een the rate of dye degradation was directly proportional to H202 concentration. 
imilarly, ( figure 3 .26) and (table 3 .26) show the effect of varying RhB concentration on 
the kinetic of dye degradation. The rate of RhB degradation appears to be inversely 
proportional to the dye concentration. 
The degradation of the dye sol ution is due to the reaction of hydroxyl rad icals generated 
b} hydrogen peroxide in  solution upon irradiation by UV l ight. (36) 
H202 + hv --+ 2 ·OH 
ince hydrox} I radicals are very strong oxidizing reagents, they can react with the dye 
molecule to produce intermediates which can cause the degradation of the original 
solution 
·OH + dye --+ . p  
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Table 3.25: ffect of H2 2 oncentrat ion on the kinet ics of RhB 
Degradati n (30 minute ) .  [ RhB]  - 1 0  �M 
-c 
"' -CI) c 
o � u 0 
CZ> � - !-.. "' � ... 'c - .-c E CZ> _ ... 
"' 
Q. 
Q. 
« 
0.835 
1 .67 
3.34 
6.68 
5 
4 
3 
2 
1 
0 
0 
K* 1 O-2( min- l ) 
1 .64 
4.2 
4.4 
4.52 
2 4 
[H202] mM 
� Apparent rate constant (min-1 )*1 0-2 
% decoloration 
40.8 
72.6 
68.6 
72.9 
80 
70 
60 c 
0 
50 .. "' ... 
40 
0 
(5 
u 
30 CZ> "0 
20 � 0 
1 0  
0 
6 8 
% decoloration 
Figure 3.25:  Effect of H202 concentration on the Kinetics of RhB 
Degradation. [ Rh B ]  = l O�M, [ H202] was either 0.835, 1 .67, 3 .34 and 
6.68mM 
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Table 3.26: ffe t of RhB concentration on the kinetic of dye degradation 
(30  minute ) .  [ H202 ] = 1 .67mM 
( RhB J  /-lM % decoloration 
2.5 1 0.3 95.9 
5 4. 1 69.2 
1 0  4.8 77 
20 2 . 1  50 
5 
4.5 
y = �.0208x + 4.605 
R2 = 0.9516 
4 
-
3.5 0 0 
.... 
t. 
� 3 
0 
� y = �.0407x + 4.6475 c: 2.5 R2 = 0.9944 
2 
1 .5 • 
1 
0 5 1 0  1 5  20 25 30 
Time(min) 
35 
Figure 3.26: Effect of RhB concentration on the kinetics of RhB degradation. 
[ H202] = 1 .67mM, [ RhB] was either 2.5, 5 .  1 0, 20 IlM. 
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UImng that al l  the h)dr yl radical gen rated in olution remain In the 
icinity f the d e molecule during their hort l i fetime, it would be safe to a that they 
are probably th main ource of initiating the degradation reaction of the dye molecule. 
(37) The c ncentration of H2 2 was kept at an optimum Ie el ( in this ca e at 1 .67 mM) due 
to the fa t that at high concentration , the olution undergoes I f  quenching of H 
radical by added amount of H2 2 to produce H ·2 radical . 
The pero radicals produced as a result of the above reaction can also enter in 
other reaction pathways. (38) Thu one can assume that H202 act as a pseudo catalyst in 
thi case. 
The effect of pH alue was al 0 studied by adding incremental amount of either 
concentrated Hel or NaOH to the dye olution in the pre ence of UV! H202. Surprisingly, 
the decoloration rate was slow at the alkaline pH and slightly high at acidic pH as shown 
in ( table 3 .27).  This is contrary to what we have observed with other dyes, where 
photolytic dye degradation appears to be best at alkal ine pH, and slowest at acidic pH.  
Perhap , the wel l-documented pH effect on dye degradation is dye-dependent. 
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pH 
1 
7 
9 
Table 3.27: ffect of pH on RhB decoloration. 
[ RhB ]  = 1 0  f.lM; [ H202 ] = 1 .67 mM) 
% decoloration 
2. 1 4  47 
4.05 73 
0.79 2 1  
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'I hi l ight enhancement in d e degradation i mo t l ikely due to the fact that at 
alkal ine pH, pero ide anion ( H  2-) are produced in olution b} U V  radiation, which in 
tum can generate more OH radicals. (39) 
H 2 + hu � H' + 0'-
HO'2 radical work as cavenger for the decoloration process. As we mentioned 
previou Iy H202 act as a p eudo catalyst. 
We and other have previou ly shown that ions that are normally  pre ent in textile 
waste-water streams can ha e dramatic effects on the kinetics of dye degradation. 
Therefore, we tested the effects of various anions on the photolytic degradation of RhB as 
hown in ( figure 3 .27).  It can be seen from this figure, that the percent degradation of the 
dye olution was ubstantial ly  decreased in the presence of al l ions. The inhibitory effect 
of halide on dye degradation ha been previously shown and explained by us and others. 
(40) 
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Figure 3.27: Effect of different ions on RhB decoloration. 
[ RhB]  = 1 0 �M; [ H202 ]  = 1 .67 mM) 
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Lastl , in ord r to con finn that th d crease in ab orbance of RhB after H202 V 
e po ure v as in fa t due to dye degradation, we subjected RhB ample aft r H202 V 
can be en in ( Figure 3 .28), untreated RhB dye ga e a ingle peak at 
22 minute . Howe er, after 30  minute of e po ure to H202IUV treatment, the dye parent 
peak \\a almo t gone. and variou new (break-down) peak could be een. We al 0 
ubjected the 
the M anal)' 
amples to M , in order to identify the breakdown products. Although 
as not conclu ive (perhaps due to l ibrary l imitations), we were never 
the Ie able to ob erve ignals repre enting small al iphatic chains as wel l  as small chain 
alcohol and ketone . Thu , H202 V treatment of RhB causes breakdown of the original 
to ic compound to mal ler Ie toxic product . 
I n  conclu ion, Photolytic oxidation of RhB dye (also cal led as Basic violet 1 0) 
was carried out in  the pre ence of hydrogen peroxide. The degradation of the dye olution 
was ob erved by monitoring the absorption alues of the solution. I t  was found that first 
order kinetic fitted wel l  to the degradation scheme of the dye. The degradation of the 
dye was less in the presence of al l ions. Thus for effective degradation of the dye, these 
ion should be removed from the dye solution prior to it exposure to UV l ight. The 
overal l photolytic oxidation of the dye is due to the reaction of the dye with the hydroxyl 
radicals generated in solution 
1 00 
1 0  
o m in 
I N o  H202 UVI 
1 5  20 25 
M inutes 
Figure 3.28: GC analysis of the decoloration/degradation of RhB by the UVIH202 
photolytic process. amples were taken either at 0 minutes (no UV 1H202) or after 
30 minutes of UV!H202 exposure. amples were prepared and analyzed as 
de cribed in Materials and Methods section 
1 0 1  
3.8 Ph otolytic oxidation of afra n i n  0 with H202 
'afranin ( . I  name Basic Red 2), a hi to logical important dye for 
counter taining carti lage , was ubjected to UV radiation in the presence of hydrogen 
peroxide. The photo-oxidation of the d e was monitor d spectrophotometrical ly.  
In  the pre ent work, the kinetic of H202 assi ted photochemical oxidation of 0 
was inve tigated. The structure of the dye is gi en in (table 2 . 1 ). The initial investigation 
of the d) e re ealed a major peak at 520 nm as shown in ( figure 3 .29). The degradation 
tudie were attempted by ob erving changes in the ab orbance value of the dye at this 
""a elength. I nitial ly,  e periments were carried out in the absence and presence of either 
V l ight or H202 alone. The result howed that mere UV l ight or H202 alone was not 
ufficient for degradation of this dye. 
Dye olutions of arious concentrations in the presence of 1 .67 mM H202 were 
prepared in aqueous media and subjected to UV l ight. The dye started degrading 
immediately in  the presence of H202 and the UV radiation. The rate of degradation was 
monitored by measuring the decrease in absorption value of the peak at 520 nm in the 
i ible region. The decrease in the absorption spectra of the dye olution was monitored 
at regular intervals of time. Percentage decrease in absorption was calculated as fol lows 
% decrease in absorption = [ { A  ( initial ) - A (final ) } /A ( initial ) ]  x 1 00 
1 02 
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Figure 3.29: Time dependent degradation of 0 by UV/I-h02 
within 30 minutes. [ SO] = 20J,.lM, [ H202] = 1 .67mM 
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The change of ab orption alue hich i a mea ure of it degradation, a a function of 
irradiation time i depicted in figure 3 .29). 
The kinetic · of dye degradation with re pect to it change in ab orption value fitted wel l  
to a fir t rder rate equation. 
Ln ( Ao )  - Ln(At ) = k t 
Where k i the rate constant, t i the irradiation time and Ao and At are the initial and the 
tinal ab orbance alue of the dye olution respecti ely. 
To optimize the degradation kinetics of the dye, we carried out a sy tematic study 
varying the concentration of both H202 and of O. ( Figure 3 .30) and ( table 3 .28) show 
the rate con tants and % degradation of 0 at different H202 concentrations. A can be 
een the rate of dye degradation was directly proportional to H202 concentration. 
imi larly, ( table 3 .29) show the effect of varying 0 concentration on the kinetics of 
dye degradation. The rate of 0 degradation appears to be inversely proportional to the 
dye concentration. 
The degradation of the dye solution is  due to the reaction of hydroxyl radicals 
generated by hydrogen peroxide in solution upon irradiation by UV l ight. (36) 
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Table 3.28: Effl ct of 1-12 2 oncentration on the kinet ic of 0 
Degradati n (30 minute ) . [ ] - 20 flM 
0.2 1  
0.42 
0.84 
1 .67 
4 8  
4.6 
4 4  
4.2 
0-0 - 4 
� 0 
0.86 
1 .46 
2.65 
4.83 
% decoloration 
23 
36 
55 
77 
y = �.0086x + 4. 5966 
R2 = 0.991 9 
� 3.8 
c: ..J 
3.6 
3 4  
3.2 
3 
0 5 1 0  1 5  20 
Time(min) 
y = �.0265x + 4. 5951 
R2 = 0.9973 
25 30 35 
Figure 3.30: Effect of H202 concentration on the kinetics of SO 
degradation. [ 0] = 20flM, [ H202] was either 0.2 1 ,  0.42, 0.84 or 
1 .67mM 
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Table 3.29: Effect of 0 concentration on the kinetic of dye degradation 
(30 min), [ H202 ] = 1 .67mM 
[ 0) JIM K * 1 0-2 ( min- I ) % decoloration 
5 5.62 8 1  
1 0  4.59 76 
20 4.83 77 
30 1 .79 4 1  
40 1 . 1 7  28 
50 0.95 25 
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ince hydro I radicals are ery trong oxidizing reagent , they can react v.ith the dye 
m Ie ul to produce intennediate which can cau e the degradation of the original 
'olution 
. H + dye ---+ . p  
A ummg that a l l  the hydroxyl radical generated in olution remam m the 
\ icinity of the dye molecule during their short l i fetime, it would be safe to say that they 
are probabl.  the main ource of initiating the degradation reaction of the dye molecule. 
(37) Th concentration of H202 was kept at an optimum level (in this case at 1 .67 mM) due 
to the fact that at h igh concentration , the olution undergoes self quenching of OH 
radical by added amounts of H202 to produce HO'2 radicals. 
The peroxy radicals produced as a resul t  of the above reaction can also enter in 
other reaction pathways. (38) Thus one can assume that H202 acts as a pseudo catalyst in 
thi ca e. 
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The effect of pH alue \-\-as al 0 tudied by adding incremental amount of either 
concentrated H l or a H to th d e olution in the pre ence of V I H202. urpri ingly, 
pH did n t app ar to ha e an) ignificant effect on the kinetic of dye degradation shown 
in ( Figure 3 .3 1 ). Thi i contrary to what we ha e ob erved with other dye , where 
ph tol)1ic dye degradation appear to be best at alkal ine pH, and slowest at acidic pH. 
Perhap , the wel l-documented pH ffect on d e degradation is dye-dependent. We did 
howe\er, ee a l ight inc rea e in the degradation of SO at pH 9. This sl ight enhancement 
in d e degradation is mo t l ikely due to the fact that at alkal ine pH, peroxide anions 
( H  2-) are produced in olution by UV radiation, which in turn can generate more OH 
radical . (3<1) 
We and other have previou I shown that ion that are normal ly pre ent in  textile 
waste-water treams can have dramatic effects on the kinetics of dye degradation. (40) 
Therefore, we tested the effects of various cation and anions on the photolytic 
degradation of 0 shown in (Table 3 .30).  
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Figure 3.3 1 :  Effect of pH on 0 degradation. 
[ ] = 20IlM, [ H202 ] = 1 .67mM 
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Figure 3.30: ffect of variou ion on d gradation (30rnin), 
] = 20flM , [ H202 ] = 1 .67rnM 
Ions K * 1 0-2 (min- I ) % decoloration 
5.9 84 
Anion 
03- 4.35 72 
o.t 3.96 69 
0/- 3.7 68 
cr 2.84 57 
Br- 2.7 56 
CH3COO- 1 . 1 5  30 
0/- 0.52 1 4  
Cations 
Fe3+ 38.85 98 ( 1 0min)  
� 6. 1 9  85 
�+ 5.88 83 
Ni2+ 5.63 82 
Co2+ 5. 1 2  79 
Ca2+ 4.84 77 
Mg2
+ 
4.99 77 
Pb2+ 4.09 72 
Cd2+ 3.9 72 
Cu2+ 1 .89 44 
Ag
+ 0. 1 7  3 
1 1 0 
It can b een from thi table. that the percent degradation of the dye olution was 
ub tantial lj decreased in the pre ence of bromide, chloride, bicarbonate, acetat , and 
ul fite i n . The inhibitory etll ct of hal ides on dye d gradation has been previou ly 
hown and explained b u and other . (40) Howe er, the effect of acetate and ulfite was 
une. p cted. Perhap the e ion om ho cavenge the OH radical that are produced by 
the phot I) i of H202. 
\Ve al o e amined the effect of vanous cations on the kinetics of 0 
degradation. s can be een in ( table 3 .30), addition of cations did not ignificantly 
effect the dye degradation, e cept for Cd
2+, Cu2+, and Ag+ all of which inhibited dye 
degradation. The inhabitation of dye degradation by the cations could be due to either a) 
direct ca enge of the OR radicals and b) interaction with the dye making them less 
ucepl ible to degradation. More work is needed to confirm the exact mechanism. 
Addition of Fe3+ to the dye olution caused a very dramatic enhancement in the 
degradation of 0 (figure 3 .32, table 3 .30). This i most l ikely due to the "photo-Fenton" 
mediated degradation of the dye. These significant results underscore the importance of 
testi ng the effects of arious ions for effective degradation of dyes. 
1 1 1  
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GO 0.41 .0 < 
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Figure 3.32 : Photolytic (UV lI-h02) degradation of 0 in the presence of 
1 mglml of Fe3+ . [ 0] = 20J.1M, [H202] = 1 .67mM. 
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I n  conclusion, photolytic 0 idation of dye (al 0 cal led as Acid Red 2) was 
carried out in th pre ence f h)drogen peroxide. The degradation of the dye olution was 
ob erved by monitoring the ab orption alues of the olution. It was found that fir t order 
kinetic fitted \\el l to the degradation cherne of the dye. The degradation of the dye wa 
Ie in the pre ence of bromide, chloride, acetate, ulfite and bicarbonate ions. Thus for 
effecti\e degradation of the dye, the e ion hould be remo ed from the dye olution 
prior to its e po ure to V l ight. The overal l photolytic oxidation of the dye is due to the 
reaction of the d e with the hydroxyl radicals generated in solution 
1 1 3 
Chapter IV 
CONCLUSION 
Conclusion 
1 hi tudy rep rt on the kin tics of degradation of eight different dyes u ing a 
pc ific ad anced 0 idative pr ce , namely, photolytic oxidation (H202/ V). The 
h wed that all of the eight dye te ted fol lowed the ame general trend in due 
degradati n. It was found that the rate and xtent of dye degradation was directly 
prop rtional to the amount of H202 present and in ersely proportional to the dye 
concentration. However, it wa al 0 found that there was an optimal concentration of 
H2 2 beyond which any increase in H202 lead to a decrease in dye degradation. 
Furthermore, when the effect of various ions or pH were tested, urpri ingly the 
degradation of different dyes wa affected differently.  And so we were not able to come 
up with a general rule as to how pH or ions affect the degradation of various dye . 
Therefore, thi rudy highl ight the importance of studying the kinetics and optimization 
of each dye, as each dye beha es differently when e po ed to different ion . 
Lastly, at the on et of this study, we a ked ourselves a basic question: Are 
different classes of dyes degraded equal ly  wel l  by a specific AOP approach? The vast 
amount of data that has been generated during this study and presented here al lows us to 
make a comparative analy is. (Table 4 . 1 )  shows the degradation rate con tant a wel l  as 
extent of dye degradation for six of the dyes we tested. The data shown are the results of 
degradation of 20 11M dye at 1 .67 mM H202, and hence we can directly  compare the 
degradation of these six dyes. ( Unfortunately, for two of the dyes tested, Naphthol Y and 
Acridine 0, we had to use higher H202 concentration or very low dye concentration, 
re pectively. Hence they could not be used in the compari on). As can be seen from the 
1 1 5 
table. uramme ""as m t cfficiently degraded b the H202/UV process and Carmine 
was the least efficientl) degraded. The relati e rank order of dye degradation can be 
I i  tcd a fol low : 
Auramine > afranine > Malachite > Amido B > Rhodamine B >  arrmne 
I t  " i l l  be ery u eful to general ize our findings to specific classes of dyes, e.g. are 
diaf)lmethane clas dye mo t efficiently degraded and are anthraquinone c lass d)es least 
efficiently  degraded by V fl·h02 process? We bel ieve more studies along the l ines of 
what we ha e hown are needed to be able to make such general statements. 
e\ertheles , the re ult  shown here clearly demonstrate that different dyes are in fact 
degraded differently and with different efficiencie . 
1 1 6 
rable 4. 1 :  Th degradation rate on tant and the e tent of dye degradation for of the dye we te ted, 
I <\uramine 0 20 1 .67 5.5 8 1  Diarylmetbane 
I afranin 0 20 1 .67 4.8 77 Quinone-imine 
alacb ite green 20 1 .67 4.5 76 Triarylmethanc 
m ido Black 20 1 .67 3.8 68 Azo 
�odamine B 20 1 .67 2.2 50 Xanthene 
Carmine 20 1 .67 2 . 1  4 9  Anthraquinom 
• Most of the experiments were done in duplicates and triplicates and the averages did not vary more than 
I O�o. 
1 1 7 
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bstract 
afranln'O ( . I  name i Sa'IC Red 2). a histologically important dye for counterstalnlng cartt lages. was subjected to V radiauon in th 
pre-.ence of h)drogcn peroxide The photo-oxidation of the dye Wa'S momtored spectrophotometncally. The rate of degradatJon was calculat 
from the ob-.ef\'ed ab orpuon data and Wa'S found to be first order A systematic study of the effect of dye concentration as well a H20" con 
centratlon on the kinetiCS of dye degradallon Wa'S carried out. Addillonally. the effect of vanous add1l1ve on the degradation of this dye was al 
In\esugated. !fost of the amon tested had a nunor inhibitory effect on the degradation of the dye. With the most pronounced effect seen wi 
I . Br . CH3COO • and O� ions. Addluon of cations did not Igmficantly affect the dye degradation. except for Cd2 + .  Cu2 + • and Ag + .  
of which mhiblted dye degradauon. and Fe1 + .  which dramaucally enhanced the rate of dye degradation. Examlnallon of the effect of p H  showCl 
that the dye could be effiCiently degraded over a Wide pH range. A plaUSible explanation Involving the probable radical Inittated mecham m wa 
given to explain the dye degradatIOn. 
© 2005 Else\ler Ltd. All nghts re�erved. 
Kt' .... wrds Saframn. PhotolYSIS: Degradation 
1. I ntroduction 
Dye are an important class of chemical which are WIdely 
u ed in many industrial processes In the leather. textile and 
printmg i ndustrie . The di charge of the e dye In the effluents 
by the e Industne may cau e a major environmental problem 
\ -4). Many of the e dye are of major concern becau e of 
their known carcinogenic properties I 'i ) . On pas age to water 
ies at large. these chemical may pose a health concern 
to all form of marine l ife and al 0 to human l i fe at the end 
Df the food chain Recently. many different techniques have 
been sugge ted in the ltterature to tackle the situation by caus­
ing the complete degradation of dyes In Industrial effluents 
prior to entering the water bodie . These suggestions i nclude 
photocatalytic, photolytic and biodegradation of variou dye 
,olutions [6-9] .  Advanced oxidation process based on 
* Corre�pondtng author Tel + 97 1 3 7 1 34 1 90: fax: + 97 1 3 7 1 767 1 291  
£·motl address raufrnapk@yahoo com ( M  A Raul) 
1 I 43-7208/S - see front matter e 2005 Else_ler Ltd. All nghlS resef'ed. 
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UVIH202 degradation i s  not only simple and homogeneou! 
but has al 0 shown promising results in degrading many othe 
organic compound [ 1 0- 1 2 ] . The proce in general demand 
the generation of OH radicals in solution in the pre ence 0 
UV l ight These radical can then attack the dye molecule 
to undergo a senes of reactions in which the organic molecul 
i finally de troyed or converted into a simple harmless com 
pound. Safranln-O (C.I  name is Basic Red 2) IS a repre entativ 
example of an organic dye, which belongs to the Quinone­
Imine class. and is widely u ed for counterstaining purpose! 
for example, as a metachromatic method for cartilages whic 
i s  tained yel low. Since the dye i s  known to be carcinogenic i 
nature, any pre ence of this dye in wastewater would have dej 
nmental effects on marine l i fe.  In this paper, an attempt i 
made to look at the degradation of this dye in aqueous solutio 
in the presence of H202 and U V  l i ght. The data are i nterpret 
In term of kinetic parameter . Furthermore. the effect of soil! 
tion pH and the pre ence of variou additive in the form 
alllons and cations on the degradation of the dye solutio 
were al 0 i nvestigated. 
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Experimental 
almnin-O ( I name IS BasIc Red 2. F wt = 350.8) was 
JWJOed from Fluka and used a� su h Del nized water was 
,cd to m ake the dye ... olutions of de. ired concentmtlon 
ydrogen peroxide (35� w/w) wa<; obtained from Merck 
ld used In this work. lL'i concentr.l.ti n In all the dye solutions 
Ir this w rk was kept constant at 1 .67 mM unle s otherwise 
I tied VNl �tudle .. were done on a ARRY 50 I 
I spc trophotometer. uSing a 1 cm qUart7 cell .  For photolytic 
pcriments. the 'amples were trradtated with a l amp with 
1 output at 254 nm. 
J .  Preparation of samples and de�radution studies 
afraO ln-O stock olution of 1 X 10 3 M wa prepared i n  
)( )  mL o f  delO0l7ed water i n  a 250-mL f1a. k. eces. ary dilu­
ons of thiS stlx-k were done With deionized water to obtaI n 
senes of dye ,>olutlon. with varying concentrations. An ali­
J t of the diluted solution was mi xed with a given amount 
H202 and the mi xture wa irradiated with a V l ight of 
-4 nm. After a certain time Interval. th absorbance of the 0-
Ilion was monitored Instantancou. ly on a spectrometer. The 
).orbance value obtained in each ca. e was plotted agaIn t 
me to obtain the order of degradation rate. Photolytic oxida­
n tudies were amed out at 25 ± 2 0c. 
For tud. ing the effect of pH on dye degradation. the pH of 
I dye olution was altered by addlOg Incremental amount. of 
ther concentrated Hel or concentrated aOH .  For experi­
,cnts examining the effect' of different ion on the degrada­
n of afranin.  a final concentration of 0.5 mglmL of variou 
lit. was added to the dye olution before the addition of 
202' one of the . ails u ed had any effect on the dye spe tra 
the absence of UV l ight. The olution was then subjected to 
l ight and change In ab orbance value was noted to calcu­
te the degradation rate con tant. 
Results and discussion 
In the pre eot work, the kinetICS of H20ras i ted photo­
lemical oxidation of afranlO'O wa IOvestigated. The truc­
re of the dye IS given in Fig I .  The i ni tial investigation of 
,e dye revealed a major peak at 520 nm a shown i n  Flf 2. 
he degradation studies were attempted by observing changes 
hg. I .  Structural formula for Safranin-O 
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Fig. 2 Time dependent degradalJon of 0 by UVfl-l!02 y"lIhtn 30 mm 
[SO] = 20 1-lM. [H202] = 1 .67 mM 
in the absorbance value of the dye at thiS wavelength. Initially, 
e pen ments were carned out 1 0  the abo ence and pre. ence of 
either UV light or H 202 alone. The results howed that mere 
UV l ight or H:!02 alone was not ufficient for degradatIOn of 
this dye. 
Dye solutions of various concentration in the pre ence of 
1 .67 mM H202 were prepared in aqueous media and subjected 
to UV l ight. The dye started degradi ng immediately in the 
pre ence of H:!02 and the U V  radiation. The rate of degrada· 
tion was monitored by measuring the decrea e in absorption 
value of the peak at 520 nm in the visible regIOn . The decrease 
in the ab 'orptlOn spectra of the dye solution was momtored at 
regular intervals of time. Percentage decrease in absorption 
was calculated a fol lows: 
% decrea e in ad orption = [{A ( i nitial ) - A (final ) }/A( in i tial) 
X 100 
The change i n  ab orption value. which IS a measure of its 
degradation, as a function of i rradiation time IS  depicted i n  
F i g  2.  The kinetic o f  dye degradation with re pect t o  i t  
change i n  a b  orption value fitted well t o  a first order rate 
equation: 
I n (Ao) - I n (A,) = kt 
where k i s  the rate constant, I i the irradiation time and Ao and 
AI are the initial and the final ab orbance value of the dye so­
lution, re pectively. 
To optimize the degradation kinetics of the dye. we carried 
out a sy tematic study varying the concentration of both H:!02 
and SO. Fig 1 and Table I show the rate constants and % deg­
radation of SO at different H202 concentrations. As it can be 
een, the rate of dye degradation was directly proportional to 
H202 concentration . Similarly. T hie :; shows the effect of 
varying SO concentration on the kinetic of dye degradation 
The rate of 0 degradation appears to be i nversely proportional 
to the dye concentration. 
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. E perimental 
afrantn- I name IS BasIc Rcd 2. F wt = 350.8) was 
btamcd from F1uka and uscd as su h. 100l7Cd water was 
�ed to makc the dyc solutions of dcslred con entralt n 
lydrogen peroxidc (350;: w/w) wa� obtained from Mcrck 
nd u. ed in this work. Its c ncentrallon 10 all  the dye soluti ns 
r this work wa� kept con. tant at I 67 mM unle . otherwise 
I tied NI studies were done on a ARRY 50 VI 
II spc trophotometer. u 1 09 a I cm qUart7 cel l.  For phot lytic 
periments. the amples were irradIated with a V lamp with 
n output at 254 nm. 
. 1 .  Preparation of samples and de{?radation studIes 
afraOi n-O stock solution of I X 1 0  l M was prepared in 
mL of delO0I7ed water In a 250-mL flask. ece sary dilu­
ons of thiS stock were done with deio0l7ed water to obtain 
sene. of dye olution, With varying concentrations. An ali-
uot of the diluted solution was ml ed with a given amount 
f H202 and the ml ture was Irradiated with a V l ight of 
54 nm After a certai n time interval. the ab orbance of the so-
1lI0n was mOOitored In. tantaneou, ly on a spectrometer. The 
orbance value obtained to each ca e wa plotted again t 
me to obtain the order of degradation rate. Photolytic OXlda­
n studies were camed out at 25 ± 2 'c. 
For study tOg the effect of pH on dye degradatIOn, the pH of 
le dye olution was altered by adding I ncremental amounts of 
Ither concentrated He! or concentrated aOH. For experi­
lents examining the effe t of different ion on the degrada­
on of afranin. a final con entration of 0.5 mglmL of various 
:llts was added to the dye olution before the addition of 
1202• one of the . alts u. ed had any effect on the dye pectra 
1 the absence of UV l ight. The solution was then ubjected to 
1 Itght and change In ab orbance value was noted to calcu­
lte the degradation rate con tant. 
. Re ults and discussion 
In the present work. the kinetics of H 20z-assi ted photo­
hemical oXIdation of afranin-O was I nvestigated. The truc­
Jre of the dye IS given to Fij! I .  The initial inve ligation of 
le dye revealed a major peak at 520 nm a hown in Fig 2 . 
'he degradation studies were attempted by observing change 
Fig. I StruclUral formula for Safranin-O 
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Fig. 2 Time dependenl degradallon of SO by UVIH202 \\lIhtn 30 mtn 
[501 = 20 �. [H2021 = 1 67 mM 
in the absorbance value of the dye at thiS wavelength. Initially. 
experiment. were carried out in the absence and presence of 
either UV l ight or H20:! alone. The results showed that mere 
V l ight or H:!02 alone wa not suffiCient for degradation of 
thi dye. 
Dye olutions of various concentrations in the presence of 
1 .67 mM H202 were prepared in aqueous medJa and subjected 
to UV l ight. The dye started degrading immediately in the 
pre ence of H202 and the UV radiation. The rate of degrada­
tion was monitored by mea uring the deerea e in absorption 
value of the peak at 520 nm in the vi Ible region. The decrease 
in the absorption spectra of the dye olution wa. monitored at 
regular interval of time. Percentage decrease in ab orption 
was calculated as fol lows' 
% decrease in adsorption = [{A (initial ) - A (final ) }  / A (initial)1 
X 1 00 
The change in absorption value. which is a measure of it 
degradation. as a function of irradiation time is depicted in 
Fig 2.  The kinetic of dye degradation with re pect to it  
change in absorption values fitted wel l  to a fi r  t order rate 
equation: 
I n (Ao) - In (A,) = kt 
where k i the rate constant, t i the irradiation time and Ao and 
A, are the initial and the final absorbance value of the dye so­
lution. respectively. 
To optimize the degradation ki netics of the dye. we carried 
out a systematic study varying the concentration of both H:!O� 
and SO. Fig 3 and Table 1 how the rate con tants and % deg­
radation of SO at different H20} concentrations. As it can be 
een, the rate of dye degradation was directly proportional to 
H202 concentration. Similarly, Table 2 show the effect oft 
varying SO concentration on the kinetic of dye degradation. 
The rate of SO degradation appears to be inversely proportional 
to the dye concentration . 
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:. Experimental 
afranin-O ( .1 namc is BasIc Red 2. F wt = 350 8) was 
)btalncd from Fluka and uscd a! such. Deiontzed water wa� 
Ised to makc thc dye olutions f deslrcd concentration 
-J drogen peroxide (35% w/w) was obtalncd from Merck 
Ind uscd in this work lL� concentration In all thc dyc solullons 
'or thi s work was kept constant at 1 .67 mM unle S otherwl e 
.pccdicd. NI studlcs werc donc on a ARRY 50 VI 
I spc trophotomctcr. uSing a I cm quartz cel l .  or photolytic 
" pcnmenls. the samples werc Irradlatcd With a lamp with 
In output at 254 nm. 
Preparation of samples and deRradatlOn studies 
afranin-O slock �olution of I X 10 1 M was prepared in 
mL of dClOntzed water In a 250-mL flask. ecessary dilu­
I ns of thiS stock were d ne With deiontzed water to obtain 
I enes of dye �olution With varying concenCfatlon. An ali­
luot of the diluted solution was mixed with a given amount 
)f H202 and the mixture was irradiated with a UV l ight of 
!54 nm Aftcr a ccrtal n time intcrval. the ab orbance of the so­
ution wa� monitored In tantaneously on a pectrometer. The 
bsorbance value obtamed Ifl each ca e was plotted again t 
-me to obtain the order of degradation rate. Photolytic oxida­
ion . tudle. were carned out at 25 ± 2 0c. 
For studYing the effect of pH on dye degradation, the pH of 
e dye olutlon was altered by addlflg Iflcremental amounts of 
'ither concenCfated Hel or concentrated aOH.  For experi­
nents e amining the effe ts of different Ion on the degrada­
ion of afranin .  a final concenCfation of 0.5 mglmL of variou 
alts wa� added to the dye .olution before the addition of 
-1202 one of the sall� u ed had any effect on the dye pectra 
n the ab ence of UV l ight. The solution wa then ubJected to 
J l ight and change In ab orbance value was noted to ca\cu­
ate the degradation rate con tanl. 
i. Re ults and discussion 
In the pre ent work, the kinetics of H20rassisted photo­
hemical oxidation of Safranin-O wa inve tigated. The slrUC­
ure of the dye is given In Fig I .  The initial inve tigation of 
he dye revealed a major peak at 520 om a shown in Fig 2. 
ne degradatIOn studies were attempted by observing change 
Fig. I Structural formula for SafranlO-O 
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Fig. 2, Time dependent degradauon of 0 by UVIH!02 withtn 30 nun 
[ 01 = 20 �, [H2021 = I 67 mM 
in the absorbance value of the dye at thiS wavelength. inttlal ly, 
experiments werc carried out in the abo ence and pre. ence of 
either UV l ight or H202 alone. The re ults showed that mere 
UV l ight or Hz02 alone was not suffiCient for degradation of 
thiS dye. 
Dye olution of various concentration in the presence of 
1 .67 mM H202 were prepared in aqueou media and ubjected 
to UV l ight. The dye started degrading immediately in the 
presence of H20:! and the UV radiation. The rate of degrada­
tion was monitored by measuring the decrease in absorption 
value of the peak at 520 nm in the vi Ible region. The deere a e 
in the absorption spectra of the dye solullon was monitored at 
regular intervals of time. Percentage decrease in ab orption 
was calculated as fol lows: 
% decrea e in adsorption = [{A (initial ) - A(fmal ) } /A(initial) 
X I OO 
The change in ab orption value, which I a measure of it 
degradation, as a function of irradiation time is depicted in 
Fig 2 .  The kinetic of dye degradation with re peel to it 
change in absorption values fitted well to a fir t order rate 
equation: 
In(Ao) - In (A,) = t.1 
where k is the rate con tant, t is the irradiation time and Ao and 
A, are the initial and the final ab orbance value of the dye so· 
lution, re pectively. 
To optimize the degradation kinetics of the dye, we carrie 
out a ystematic study varying the concentration of both H20l 
and SO. Fi).: 3 and Table I show the rate con tants and % deg· 
radation of SO at different H202 concenCfation . A it can be 
een, the rate of dye degradation was directly proportional t 
H202 concenCfation. Simi larly. Table 2 show the effect oj 
varying SO concentration on the kinetic of dye degradation 
The rate of SO degradation appears to be inversely proportional 
to the dye concenCfation. 
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Ab tract 
afranin-O ( .I name IS Ba\lc Red 2). a hi tologically important dye for counterstalnlng carttlages. was subjected to V radiation I 
preo,ence of hydrogen peroxide. The photo-oxidation of the dye wa� mOnitored spectrophotometncally The rate of degradation was calc� 
from the observed absorption data and wa found to be first order A systematic study of the effect of dye concentration as well a� H202 
centrauon on the kinellc\ of dye degradation was carned out. AddItionally. the effect of various addItives on the degradatIOn of thIS dye wa 
IOvesugated. Most of the anIOns tested had a rrunor Intubllory effect on the degradation of the dye. WIth the most pronounced effect seen 
Cl . Br CH]COO . and soi Ion . Addition of cations dId not Ignificantly affect the dye degradauon, except for Cd2 + , Cu2 + , and Ag 
of whIch IOhiblled dye degradatIOn, and FeH • whIch dramatIcally enhanced the rate of dye degradallon. Examination of the effect of pH shi 
that the dye could be effiCIently degraded over a WIde pH range. A plaUSIble explanation involVing the probable radical ini tiated mcchanlsn 
given to explain the dye degradation 
© :!OO5 ElseVier Ltd. All rights re,erved 
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1. I ntroduction 
Dyes are an important cia of chemicals whIch are widely 
used 1 0  many IOdu trial processes in the leather, textile and 
printing indu trie . The eli charge of the e dyes 1 0  the effluents 
by the e industrie may cau e a major environmental problem 
[ } - ] .  Many of the e dye are of major concern becau e of 
their known carcinogenic propertie (5 ) .  On pas age to water 
bodies at large, these chemicaL may pose a health concern 
to all forms of marine l ife and also to human l ife at the end 
of the food chain. Recently, many elifferent techniques have 
been suggested in the l i terature to tackle the situation by caus­
ing the complete degradation of dyes in indu trial effluents 
prior to entering the water bodIes. These suggestions include 
photocatalytic, photolytic and btodegradation of variou dye 
olutions [6-9) .  Advanced oxidation process based on 
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UVfH202 degradation i s  not only simple and homogenl 
but has also shown promising results in degrading many 
organic compounds [ 1 0- 1 2 ) .  The process in general derr 
the generation of OH radicals in olution in the presen! 
U V  l ight. The e radicals can then attack the dye mole 
to undergo a series of reactions ill which the organic mol 
i final ly  de troyed or converted into a simple harmless 
pound. Safranin-O (C. I  name is B asic Red 2 )  is a represenl 
example of an organic dye, which belongs to the Quinl 
Imine clas , and is widely used for counterstainmg purp 
for example, as a metachromatic method for carti lage v 
is stained yel low. Since the dye is known to be carclOogel 
nature, any pre ence of this dye in wastewater would havi 
rimental effects on marine l ife. In this paper, an atten 
made to look at the degradation of this dye in aqueou sol 
in the presence of H202 and UV l ight. The data are interp 
1 0  terms of kinetic parameter . Furthermore, the effect of 
tlon pH and the pre ence of variou adelitives 1 0  the fOJ 
anIOn and cation on the degradation of the dye sol 
were al 0 investigated. 
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2. Experimental 
afrani n-O ( . I name I BaSIC Red 2. F. wt = 350.8) was 
ohtalned from Auka and used as such DeIOnized water was 
used to make the dye solution of d sired concentratl n 
I lydrogen pero ide (35 ( w/w) was obtained from Merck 
and uscd In this w )rk. I ts oncentrallon In all the dye solutions 
for this work Wa! kept con. tant at I 67 mM unless otherwise 
specified. VNI studies were done on a ARRY 50 UV/ 
VI spectrophotometer, uSing a I em quartz cel l. For photolyllc 
e penments. the amples were irradJaled with a UV lamp with 
an utput at 254 nm. 
2 . 1 .  Preparation of samples and degradation studies 
afranin-O stock solution of I X 1 0  � M v.as prepared In 
1 0  mL of deIOnized water in a 250-mL fla k.  eces ary dilu­
tions of this stock were done With deIOnized water to obtain 
a encs of dye olution. with varying concentration . n ali­
quot of the diluted solution was mIxed with a given amount 
of H�02 and the mixture wa. IrradIated WIth a UV Itght of 
254 nm After a certaIn ttme Interval. the ab orban e of the so­
lutIOn was monitored In. tantaneously on a . pectrometer. The 
absorbance value obtained In each case wa plotted again t 
t ime to obtain the order of degradation rate. Photolytic oxida­
tion studIes were carried out at 25 ± 2 0c. 
For studying the effect of pH on dye degradation, the pH of 
the dye olution was altered by adding Incremental amounts of 
either concentrated HCI or concentrated aOH. For experi­
ments examining the effect of different Ion on the degrada­
tion of afranin. a final concentration of 0.5 mglmL of various 
alts was added to the dye olution before the additIon of 
H202 one of the alts u ed had any effect on the dye spectra 
In the absence of V light. The . olullon was then ubjected to 
V l ight and change In absorbance value was noted to calcu­
late the degradallon rate con tant. 
3. Results and discussion 
In the pre ent work. the kinetics of H202-a si. ted photo­
chemical ox.idatton of afranln-O was investigated. The struc­
rure of the dye IS gIven In Fig I .  The inittal inve tigation of 
the dye revealed a major peak at 520 nm a hown in Fig 2.  
The degradation srudies were attempted by observing change 
Fig. I .  Slructural fonnula for Safranin-O 
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800 
!H,O, wlthm 10 mm 
in the ab orbance value of the dye at thIS wavelength. lmtially, 
experiments were carried out in the absence and pre ence of 
either UV l ight or H20;! alone. The results showed that mere 
UV l ight or H;!02 alone was not suffiCient for degradatIOn of 
thi dye. 
Dye olutions of variou concentrations in the pre ence of 
1 .67 mM H202 were prepared in aqueous media and subjected 
to UV l ight. The dye started degrading immediately in the 
pre ence of H;!02 and the UV radiation. The rate of degrada· 
tion was mOnitored by measuring the decrease in ab orption 
value of the peak at 520 nm In the visible regIOn . The decrease 
in the ab orptlOn pectra of the dye solutIOn was monitored at 
regular interval of t ime. Percentage decrease in ab orption 
was calculated a fol lows: 
% decrea e in adsorption = [{A (initial ) - A(final ) } /A (initial) 
X I OO 
The change in absorption value. which I a measure of its 
degradation, as a function of irradiation time is  depicted in 
Fig 2.  The kinetics of dye degradation with re pect to its 
change in absorption values fitted well to a first order rate 
equation: 
In (Ao) - In(A,) = kt 
where k is the rate con tant, t i the irradiation t ime and Ao and 
A, are the initial and the final absorbance values of the dye so­
lution. respectively. 
To optimize the degradation kinetics of the dye, we carried 
out a systematic tudy varying the concentration of both H20� 
and SO. Fie' 1 and Tabk I how the rate constants and % deg­
radation of 0 at different H202 concentrations. As it can be 
seen, the rate of dye degradation was directly proportional to 
H202 concentration. Similarly. To.lbk 2 hows the effect of 
varying SO concentration on the kinetic of dye degradation. 
The rate of SO degradation appears to be i nversely proportional 
to the dye concentration. 
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The degradation of the dye solution i due to the reaction of 
hydroxyl radicals generated by hydrogen peroxide In solution 
upon irradiation by V light ( 1 "  . 
Inee hydroxyl radical are very strong oxidizing reagents, 
they can react with the dye molecule to produce intennedi­
ates, which can cau. e the degradation of the original olution. 
'OH + dye -+ 'P 
A sumlng that all  the hydroxyl radical generated in olu­
tion remain in the vicinity of the dye molecule duri ng their 
short l ifetime, It would be safe to say that they are probably 
the main ource of Initiating the degradation reaction of the 
dye molecule 4) . The concentration of H202 was kept at 
an optimum level ( In this case at 1 .67 J.1M) due to the fact 
that at high concentration , the solution undergoe self 
quenching of OH radical by added amounts of H202 to pro­
duce HOi radicals. 
The peroxy radical produced as a result of the above reac­
tion can al 0 enter In other reaction pathways 1 5  J . Thus one 
can assume that H202 acts as a p eudo catalyst in this case. 
The effect of pH value was also studied by adding incre­
mental amounts of either concentrated HCl or aOH to the 
Table I 
Effect of H202 concentrnuon on the koneucs of SO degradation (30 mm) 
[H20,j ImM) K X 1 0  ' lillie ' ) � DegradatIon 
0.2 1 0.86 23 
0.42 1 .46 36 
0.84 2.65 55 
1 67 4.83 77 
[SOl = 20 11M 
Table :! 
Etlect of 0 concenlraUon on the kmel1c� of dye degradatIon 00 min I 
(SOl CuM) K X 10 2 (mIn-I ) '* Oegradauon 
5 
1 0  
20 
30 
40 
50 
1 .67 mM 
5.62 
459 
4.83 
1 79 
1 . 1 7 
0.95 
!I I  
76 
77 
4 1  
2 
25 
dye solution in the presence of V/H202. Surprisingly, pH 
did not appear to have any signtficant effect on the kinetiCS 
of dye degradation (r.g 4). This is contrary to what we 
have observed with other dyes, where photolytic dye degrada­
tion appears to be best at alkaline pH. and slowest at aCidic pH 
(manuscript submitted for publtcation) .  Perhaps. the well­
documented pH effect on dye degradation IS dye-dependent. 
We did, however, see a sl ight I ncrease In the degradation of 
SO at pH 9. This slight enhancement in dye degradation i 
most l ikely due to the fact that at alkaline pH, peroxide antons 
(H02 ) are produced in solution by UV radiation, which In tum 
can generate more OH radical [ 1 6 ) .  
HO� + hv -+ OH' + 0' 
We and others have previously hown that ions that are nor­
mally  present in textile wastewater streams can have dramatic 
effects on the Ionetics of dye degradation ( 1 7 ) . Therefore, we 
tested the effects of various cation and anions on the photo­
lytic degradation of SO (fable 1). It can be een from tht 
table that the % degradation of the dye solution ub tantially 
decreased in the pre ence of bromide, chloride, bicarbonate, 
acetate, and sulfite ions. The inhibitory effect of halides on 
dye degradation ha been previously hown and explained 
by us and by others 1 7 1 . However, the effect of acetate and 
ulfite was unexpected. Perhap the e ion somehow cavenge 
the OH radicals that are produced by the photolysis of H202. 
We also examined the effects of various cations on the 10-
netics of SO degradation. As can be een in Table " additions 
100 
c: 75 .Q 
iii '0 as 
0, 50 CD 
0 
CD >. 
0 
� 0 25 
0 
3 5 7 6  
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Fig. 4 Effect of pH on SO degradallon [SOl = 20 11M. [H202] = 1 .67 mM 
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1 hie '3 
Ion 
Amon\ 
. \ 
O� 
CO� 
CI 
Br 
H,C 
0' 
COllOn 
Fel + 
K +  
m: 
NIH 
Co' 
Ca • 
Mg t 
Pb2 
Cdl + 
CuH 
g + 
. degndallOn (30 min) 
5 9  
4 15 
3.96 
3.7 
2.84 
2.7 
I 1 5  
o 2 
38.85 
6. 1 9  
5 8  
5 63 
5. 1 2  
484 
4.99 
4 09  
3.9 
1 .89 
0. 1 7  
l (nun ' )  
[ OJ = 20 11M. [HlO2.1 = I 67 mM 
'* Dcgndallon 
84 
72 
69 
68 
57 
56 
30 
1 4  
9 8  ( 10 m m )  
85 
83 
82 
79 
77 
77 
72 
n 
� 
3 
of calion. dId not . ignificantly effect the dye degradatlon, ex­
cept for Cd 
2 + , Cu2 + , and Ag + , all  of whIch inhibited dye 
degradation. Addition of FeH to the dye solution caused 
a very dramatic enhancement in the degradation of SO 
( It! 'i, Table 3). Thi i rno t l ikely due to the "photo-Fen-
ton" mediated degradatIOn of the dye. The e significant results 
underscore the importance of te ring the effects of various ion 
for effective degradation of dye 
4. Conclusion 
Photolytic oxidatIOn of afranin-O dye (also called as Acid 
Red 2) was carried out In the pre ence of hydrogen peroxide. 
The degradation of the dye soJution was ob erved by monitor­
ing the ab orption values of the solution. It was found that first 
order kinetICS fitted well to the degradatlon cherne of the dye. 
The degradatIOn of the dye was less in the pre ence of bro­
mide. chloride, acetate. sulfite, si lver and bicarbonate ion . 
Thus for effective degradation of the dye, the e ion hould 
be removed from the dye solution pnor to Its exposure to 
V light. The overall photolytIc ox idation of the dye i due 
0 8  
0 6  
11 0 4 
« 
0 2  
0.0 
200 
o fTlIn 1 m,n 
3 m,n 
S m,n 
_-"-_.. ___ 'l.!,.Q...m'n 
400 600 
Wavelength (nm) 
800 
Fig. 5. Ph lolyllc (UVIH,Oz) degndauon of SO In Ihe presence of 2.5 mglmL 
of FeJ+ [SO) - 20 �M, [H20,) = 1 .67 mM 
to the reactIOn of the dye with the hydroxyl radIcals generated 
10 solUtlon 
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b<;tracl 
Cannlne (C. 1 .  name IS atural Red 4). a naturally occumng Important dye. was subjected to UV radiation in the presence of hydrogen per­
o:\Ide. The photo-o) odatlon of the dye was monitored spectrophotometncally. The apparent rate of decoloration was calculated from the ob­
\en.ed absorption data and was found to be of fiN order. A systematic tudy of the effect of dye concentrallon as well as H�02 
concentrallon on the kinetics of dye decoloration was camed oul. Additionally. the effect of vanou� additives on the decoloration of thiS 
dye was al�o Inve,tlgated. Most of the anions tested had an inhibitory effect on the decoloration of the dye. with the most pronounced effect 
seen "'Ith \ultite Ion as compared to carbonate. ulphate. nitrate and cWonde Ions. Examination of the effect of pH ,howed that the dye could 
be efticlently decolonzed In a basIc media. A plausible explanation involving the probable radical inlllated mechanism was given to expla.m the 
dye decoloration Lastly. we used HPLC analysis to how that the decoloration of cannlne ob erved during the UVIH20z photolysIs treatment 
",a, In fact due to the degradation of the dye. 
© 2006 EI\cner Ltd. All nght� reserved, 
K� ... ords · Canmne; PhOlol)uc decoloration; Hydrogen peroxide 
1 .  Introduction 
Dye degradatiOn/decoloration has drawn con iderable at­
tentton by many workers in the last few years due to the 
fact that dye related pollution cau es many environmental 
problems I · , I Moreover the e dye are toxic in nature 
due to the fact that they all have aromatic group Hl. In fact 
many of the e dye have been hown to have hazardou prop­
ertie [5 } . On pas age to water bodie at large. the e chemicals 
may po e a health concern to all marine l ife as well as human 
life at the end of the food chain Recently. many different tech­
nique have been ugge ted tn the l iterature to address the sit­
uation by causing the complete decoloratIOn of dye tn 
tndustnal effluent prior to their entering the water bodie . 
• Corre�pondJng author. Tel . '  +97 1 3  7 1 3  6 1 94 
£·morl address. alman ru.hraJ@ua u ac 4C (S.S Ashraf). 
0 1 43-7208lS - see front matter © 2006 Elsevier Ltd, All  righ reserved 
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These uggestions Include photo-catalytic. photolytiC and 
bio-decoloration of various dye olution [6 9] .  Advanced ox­
idation process based on UVfH202 photolytic decoloration is 
not onl y imple and homogeneous. but ha al 0 shown prom­
i i ng re ult in degrading many other organic compound 
[ 1 0- 1 2] .  The proces in general depend on the generation 
of OH radical in solution in the presence of UV l ight. The e 
radicals can then react with the dye molecules to undergo a se­
ries of reaction in which the organic molecule I finally de­
stroyed or converted into a simple harmless compound. 
Carmine IS a repre entative example of an organic dye which 
belongs to the "natural" cla of dye . and in food colonng. 
cosmetics. and paints. ince dyes are su pected to be carcino­
genic In nature. any presence of them in waste water would 
have detrimental effecL� on marine and human life. In thi, pa­
per an attempt i made to look at the decoloration of thi dye 
in aqueous olution in the pre ence of H 202 and UV I1gh!. The 
data are interpreted In terms of kinetic parameters. Further­
more, the effect of solution pH and the presence of vanous 
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fig. I .  ChemIcal \lTUcture of cannon" and vIsIble spectra showing photolytic 
degrndatJ n of camune u 109 /H,O, cans were taken al O. 3. 5. 1 0. 1 5. 
20. 25. and 30 mon after phololytlc treatment 
additive. in the form of anions on the decoloration of the dye 
solution were also Investigated 
2. EAperimentaJ 
armine (C.!  name atural Red 4) wa� obtained from 
Fluka and was u ed as . uch. DeIOnized water wa. u ed to 
make the dye olutlon of deSIred concentration. Hydrogen 
peroxIde (35% w/w) wa� obtaIned from Merck and was di­
luted in water nght before use V-vis tudies were done 
on a CARY 50 U NI spectrophotometer. u ing a I cm 
cel l .  For photolytic expen ments. the ample were irradIated 
with a lamp with an output at 254 nm. 
2 . 1 .  Preparation of samples and decoloration studIes 
Carmine tock solution of I x 1 0  J M was prepared in 
100 mL of deIOnIzed water in a 250 mL fta k.  Necessary dilu­
tion of tlus tock were done with deIOnized water to obtain 
a ene of dye solutions with varying concentrations. An ali­
quot of the diluted olutlon was rruxed WIth a given amount 
of H20::! and the mixtu re was irradiated with UV l ight. After 
a certain time interval, the absorbance of the olution was 
A 
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25 30 
mOnitored In tantaneou ly on a spectrometer. The ab orbance 
value obtained m each ca. e wa� plotted agatnst tIme to obtai n 
the order of apparent decoloration rate. Photolytic oxidatIon 
studIes were camed out at 25 ± 2 
For studYing the effect of pH on dye decoloration. the pH of the 
dye solutton wa� altered by adding incremental amounts of eIther 
dilute HO or diluted aOH. For experiments examining the ef­
fects of different ion on the decoloration of carmme. a final con­
centration of 0.5 mg/ml of variou salts was added to the dye 
solution before the addition of H202• one of the saIts used had 
any effcct on the dye spectra m the absence of Itght. The .olu­
tlon was then subjected to UV light and change in abo orbance value 
was noted to calculate the apparent decoloration rate constant. 
2.2 HPLC analysis of the discoloratlOnlde�radallon 
samples 
For HPLC analy IS of the dye decoloration/degradation. 
50 ml of dye olution were taken either at t ime zero (nght after 
addition of H202 and no UV irradiatIon ) or at 30 mm of UV 
i rradiation after addition of H202• and the organIc component 
of the mixture was extracted using chloroform. The organ I 
layer wa extra ted again for a second time WIth chloroform. 
and then dried in a rotary evaporator The dned substance (dye 
and/or degraded by-products) was then dlssol ved in 1 00% meth­
anol and then u ed for HPLC analYSIS. The samples were run on 
Cg-EcllP e column (Agilent) using a 0- 1 00% methanol (water 
as the base mobile pha e) gradient over 30 min. at I mllmin. and 
analyzed by measuring the absorbance at 280 nm. 
3. Results and di cussion 
In the pre ent work, the kinetics of H20::! as isted photo­
chemical OXIdation of carmine was investIgated. The tructure 
of the dye a well as the V-vi spectra of the dye i gIven m 
Fig I .  The decoloration studie were attempted by ob ervmg 
changes in the ab orbance value of the dye at 500 nm. I nitial ly. 
experiments were carried out with either V l ight or H20::!. 
The re ults showed that mere UV light or H202 alone dId 
not result in any signtficant decoloratIon of this dye. However. 
when the dye olutions of various concentrations were mixed 
WIth H202 prepared in aqueous medIa and subjected to U 
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Fig. 2 .  ( A )  Photolytic degradation o f  carmine uSing UV/H202 [cannone] = 80 11M and [H202] = 3 . 3  mM Scans were laken at 0. 3. 5. 1 0. 1 5. 20. 25. and 3 0  mIn 
afler photolytic treatment. (8) r,rsl order curve fitllng of cannone decoloration data 
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Fig. 3. fflect 01 cannl!le cuncentrallon on the '* decoloration and apparent 
rate con tant of the decolorauon reactIOn. Hydrogen peroxide concentraUon 
W31 kept con.,tant at 3.3 mM 
light. the dye started degradmg immediately In the pre.ence of 
H202 and the radiation. The decrease in the absorption 
<;peCtra of the dye solution was mOOltorcd at regular I nterval 
of time. Percentage decrease in ab orption was calculated as 
follows 
0'0 dec rea e i n  ab orption = [{A(iOltial ) - A (final) } jA (initial)] 
x 100 
The change In absorption value which is a mea ure of its 
decoloration, as a function of irradiatIOn time i depicted in 
Fig 2. The kinetic of dye decoloration with re peet to its 
change i n  ab orption values fitted wel l  Into a first order rate 
equatIon. 
Ln (Ao) - Ln (A,) = kt ( I ) 
where k i the apparent rate constant, t is the irradIation time 
and Ao and At are the initial and the final abo orbance value of 
the dye solul1on, re pectively. The decoloration of the dye so­
lution I due to the reaction of hydroxyl radicals generated by 
hydrogen peroxide in olution upon Irradiation by UV light 
( b) 
(2 ) 
Since hydroxyl radicals are very strong OXIdIZing reagents. 
they can react with the dye molecule to produce intermediate 
which can cause the decoloration of the original olution 
·OH + dye --+ . p  (3) 
Table I 
Effect of Hl02 concentratIon on camune decolorauon (canntne = 80 �M) 
[H!Oij mM k (nun- ') x 1 0  2 '* Decolorauon 
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1 7  
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66 4  
1 42 
191 
2.6 
3 03 
34 02 
43 76 
55.02 
59. 1 8  
3 5  
c 3 .. 
_ 2_5 !i .. � � 2 
e :'"  - .£ 1 . 6  
� g  
• 
0-
0-
< 0.5 
o 
o 
/' • 
- -"""-
--- . 
V 
2 • 6 
[Hydrogen Peroltlde). mM 
-
I � Rale % Decolorallon I 
70 
60 
50 
40 
30 
20 
1 0  
o 
8 
c 0 
f 
0 
'0 u .. 
0 
� 
Fig. 4 EffecI of hydrogen peroXIde concenlrallon on the '* decolorauon and 
apparenl rate constant of the decoloratIon reactIon Cannine concenlrauon 
wa.., kepI constant at 80 �M, 
Assuming that all  the hydroxyl radIcals generated in olu­
tlon remain In the vicinity of the dye molecule during theIr 
short l ifetIme, It would be safe to ay that they are probabl} 
the mam source of initiating the decoloration reaction of the 
dye molecule ( l -l . 
To optImize the decoloration kinetic of the dye, we carned 
out a sy tematlc study by varying the concentration of both 
H202 and carmine. FIg, , and Tahle I show the effect of vary­
Ing carmlOe concentration on the kinetics of dye decoloration. 
Unexpectedly we found that the apparent rate of carmine de­
coloration appears to be the arne between 20 and 80 J.lM con­
centration of carmine. Only at carmine concentration of 
1 60 J.1M a lower apparent rate of carmine decoloration and 
a lower apparent rate of decoloration were observed. Simi­
larly, FIg -l and Tahle 2 show the apparent rate constant 
and % decoloration of carmine at dIfferent H202 concentra­
tions. It can be een that the apparent rate of dye decoloration 
was directly proportional to H202 concentration; however. at 
high concentrations of H202 the increase in dye decoloration 
wa not l i near. As expected, at high concentrations. the solu­
tion u ndergoes self quenching of OH radical by added 
amounts of H202 to produce HO; radicals I I " . 
(4) 
For subsequent decoloration tudles. the concentration of 
H202 was kept at an optimum level of 33.2 m M. and the car­
mine was maintained at 80 J.1M. 
The effect of pH value was also studied by adding i ncre­
mental amounts of either concentrated Hel or NaOH to the 
Table 2 
Effect of cannlne concentrauon on liS ph wlyllc decoloratIon (H20, = 
3.3 mM) 
[Carmine] � k (min ' ) x 10 2 '* Decolorauon 
20 2.2 53 
40 2.5 53 
80 2.6 55 
1 60  1 .3 32,6 
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dye solution in the presence of IH202. Tahk , and FIg. 5 
·ho\\. the (' change in decoloration of the dye at three dIfferent 
pH values. The photolyu dye de oloratJon appears to be more 
at alkaJ ine pH and Ie. s at aCIdIc pH This enhan ement 10 dye 
decoloration in ba<;ic conditions IS most l ikely due to the fact 
that at alkahne pH. peroxide amon ( H02) are produced 10 so­
l u tion by radiation. which 10 tum can generate more OH 
radicals L 1 6  J 
H02 + hv -> OH· + O· (5) 
We and others ha e previously shown that ions that are nor­
mally present in textile wa. te-water . treams can have dramatIC 
effect on the kinetics of dye de olorallon 1 7 J .  Therefore, we 
tested the effects of various anIOns on the ph tolytic decolor­
ation of carml Oe (1 hit. 4). The kmetic of dye decoloration in 
the presence of these ions IS also shown 10 FIg 6. It can be 
seen from the table and the figure that carbonate and chlOride 
ions did not have any effect on dye degradation. AI 0 urprlS­
ingly. nitrate and sulphate Ions cau ed a small but ignificant 
increa e 1 0  the apparent rate of dye decoloration. Most urpris-
109 re ult  we ob. erved was the dramatic effect of u lfite an­
Ion Under condItions where more than 50% carmine would 
normally be degraded. sulfite ion. reduced this to only 1 0%. 
Thi can be explained b y  the fact that ulfite anions can readily 
react with hydroxyl radical as shown below [ 1 8 J .  
80 
70 
60 
c 0 50 
.. '-0 
"0 40 u .. 
c; 30 
20 
10 
pl1-2 pH-6 
I OQ ( L mol- I S- I ) 
(6) 
pH-10 
FIg 5 Effect of pH on the decoloralion of carmine Samples were exposed 
to UVIH�02 for 30 min before measunng the re�uhanl dye concentratIons 
[Carrrune) 0 l!M and [H20z.l = 3.3 mM 
Table 4 
Effect of vanous I ns on carmine decolorallon (carmine = 80 �"1. 
H�02 - 3 3 mM )  
Ions � (min ' ) x 10 2 
2 6  
4.52 
3.54 
3.34 
2.63 
0.2 1  
'Jf Decolorauon 
55.02 
55.02 
65.5 1 
62 7 
55.89 
1 0.76 
Lastly 10 order to confirm that the actual degradation was 
occumng during the photolytic treatment, samples of dye so­
lutIOn were taken at pecific intervals and subjected to HPLC 
analy i . FIg. 7 shows the HPLC analYSIS of the dye soluuon 
after 30 mlO of photolytic treatment. As can be seen from 
thi figure. a ignificant amount of dye was degraded withm 
30 mlO and additionaJ peaks (pre umably by-product ) were 
produced. Hence. the los of color (decoloration) we were ob­
serving Will mo t l i kely due to actuaJ dye degradation. 
4. Conclusion 
Photolytic oxidation of carmine dye was carned out 10 the 
presence of hydrogen peroxide. The decoloration of the dye 
solutIOn was observed by momtoring the ab.orption value 
of the solution. It was found that fir t order kinetics fitted 
well into the decoloration scheme of the dye. The decoloration 
of the dye was Ie in the presence of ulfite ions. Thus for ef­
fective decoloration of the dye. this Ion . hould be removed 
from the dye olution prior to i ts exposure to UV l ight. The 
overall photolytic oxidation of the dye 1 due to the reaction 
of the dye with the hydroxyl radical. generated tn solution. 
Lastly. H PLC analy is of the reaction mIxture howed that 
the decoloration observed dunng the photolytIC oxidation pro­
cess wa. in fact due to carmine degradation. 
100 
90 
80 
70 c 0 60 
:! 0 50 "0 � � u .. 
a .0 .... Na,SO. 0 0 30 -'- N� 
20 - 1bCI  
10 � Na,so. 
0 
0 5 10 15  20 25 30 35 
TIme (min) 
FIg. 6. Effect of vanous Ions on the decolorauon of carmme. [Carrrune) -
80 �M. [H2021 = 3.3 mM. and [IOns) = 0.5 mglml 
1 '1  F II Ah.JIII/<1h n <1/ I OF  a/ld P'lIm .. nl$ 75 (2007) /94-/98 
30 mmute 
t - ....... 
L 
o minute 
o 10 20 30 40 
Time (minutes) 
Fig 7 HPl C anal)"s 01 the decoloration/degradation of canmne by the GVI 
H�O� photol)tic process. amples v.ere taken clthcr at 0 nlln (no U or H202) 
or aller 30 mlO of . 1H202 e�posure Sample, v.ere prepared and analyzed as 
dc,,-nbed In Cellon 2 
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